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While the integration of cognitive control with motivational processes is of key interest to the
developmental sciences, the majority of research examining the effects of reward on early
childhood executive function (EF) has used different measures, varying in task demands, across
motivational conditions. Thus, the specific impact of reward on early childhood EF, as well as
whether there are individual differences in these effects, remains unclear. The present study of 3.5
– 5-year-old children (N = 93) employed a within-subjects design. Children received rewarded
(sticker plus feedback) and non-rewarded (feedback) conditions of equivalent EF measures (i.e.,
Day/Night and Big/Small tasks), which were divided into Stroop and non-Stroop phases. Parentreport measures of child reward sensitivity (Reward-Responsiveness and Positive Anticipation)
were also collected. Children exhibited higher Stroop accuracy and overall slower response times
during the rewarded, as compared to the non-rewarded conditions. Further, reward-based changes
in children’s Stroop accuracy were negatively correlated with reward sensitivity; children with low
reward sensitivity exhibited higher accuracy as a function of reward. However, there were no
significant associations among reward sensitivity and reward-based change in response time. The
potential roles of attentional control and arousal in mediating the current findings are discussed.
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Chapter 1: Introduction
Executive functions (EFs) are higher-order processes that control cognition and behavior,
and are linked to numerous developmental outcomes (Diamond, 2013). The past several decades
have produced a wealth of knowledge on how cognitive control is integrated with various
affective systems, including those underlying motivation and reward processing. Adult research,
for instance, has demonstrated that small-to-moderate rewards enhance EFs across a variety of
domains, and that these effects vary with individual differences in reward sensitivity (e.g.,
Braem, Vertgus, Roggeman, & Notebaert, 2012; Padmala & Pessoa, 2011).
However, most research examining reward-EF associations during early childhood has
done so under a “Hot-Cool” model, with hot and cool EF encompassing cognitive control in
motivational/emotional and neutral contexts, respectively (Zelazo & Müller, 2011; cf. Metcalfe
& Mischel, 1999). The majority of this work has utilized different tasks, varying in demands, to
examine EF under motivationally salient and neutral conditions, which does not allow for the
examination of the specific influences of incentives on early EF. The few early childhood studies
that have controlled for task demands across motivational conditions have employed different
methods to manipulate children’s motivation and yielded mixed results (e.g., Qu, Finestone, Qin,
& Reena, 2013; Tarullo, Nayak, St. John, & Doan, 2018). Further, this limited work has not yet
considered the potential moderating influences of reward sensitivity on early reward-EF
associations.
The goal of this dissertation is to examine individual differences in reward-based change
in early childhood EF as a function of reward sensitivity, as well as to provide further insight on
the attentional mechanisms underlying these effects by examining children’s response times
(RTs). The broader literature on motivation and cognition is considered below, highlighting key
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findings on the effects of reward on EF during adulthood and early childhood. Next, existing
evidence on associations among adult reward sensitivity and EF is reviewed, including
discussion of potential developmental analogues of this trait that may moderate the effects of
reward on EF during early childhood.
1. Reward and Motivation
Historically, the effects of incentives on behavior have been primarily examined through
the lens of operant learning theories. Classic learning theories, such as those of Thorndike (1927,
1933) and Skinner (e.g., 1948), have laid the foundation for this now burgeoning body of work,
suggesting that behaviors are largely determined by their outcomes (e.g., “Law of Effect,”
Thorndike, 1927, 1933). Though most of these earlier theories have posited that punishment and
reinforcement are necessary for learning, it is now widely accepted that they instead modulate
motivation, narrowing the gap between one’s existing level of knowledge/skill and observable
performance (e.g., Tolman & Honzik, 1930).
Motivation refers to a “set of processes through which organisms regulate the probability,
proximity, and availability of stimuli” (Salamone & Correa, 2002, p. 5; see also Kleinginna &
Kleinginna, 1981, for alternative definitions). Motivation is described as being activational in
nature, as it both initiates and energizes goal-directed behaviors, modulating its speed, intensity,
and endurance. This function of motivation is often conceptualized as modulating the level of
“effort” put into a task, including the expenditure of limited cognitive resources, particularly
attention (see Botvinick & Braver, 2015, and Muraven & Baumeister, 2000, for review).
Motivation is also directional, orienting behaviors toward appealing stimuli (or away from
aversive stimuli; Salamone & Correa, 2002; Salamone et al., 2016. Here, rewards refer to stimuli
that elicit these approach behaviors (White, 1989).
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Motivational processes do not underlie reward maximization (Botvinick & Braver, 2015)
but instead mediate a decision-making process by which an organism weighs the appetitive value
of a reward against the amount of effort required to obtain it. For instance, rodents and humans
alike will perform effortful actions in exchange for appealing rewards, although there is high
variability in how much effort one will spend for a given incentive (Randall et al., 2012;
Treadway, Buckholtz, Schwartzman, Lambert, & Zald, 2009; Westbrook, Kester, & Braver,
2013). The activating nature of motivation (i.e., arousal) also mediates the effects of reward on
cognition—several studies have documented an inverted U-shaped function between
punishment/reward magnitude and cognitive performance (i.e., Yerkes-Dodson Law; Yerkes &
Dodson, 1908; see also Ariely, Gneezy, Loewenstein, & Mazar, 2009; Mobbs et al., 2009). This
pattern suggests that moderate levels of arousal are required to initiate and persist in goaldirected actions, whereas arousal beyond “optimal” levels impairs the ability to purposefully
direct attention toward relevant stimuli (Neuenschwander, Roebers, & Blair, 2014), and instead
orients attention toward the affectively-charged stimulus itself. High arousal has also been found
to strengthen automatic responses (Ariely et al., 2009), and may therefore have especially
complex effects on cognitive control (but see Dekker & Hollnagel, 2004, for criticisms of the
Yerkes-Dodson Law).
Pessoa’s (2009) Dual-Competition model suggests that motivational stimuli influence the
allocation of cognitive resources in two key ways. First, they receive strengthened sensory
representations, and thus higher levels of attention (see also Öhman, Flykt, & Esteves, 2001)—
mild motivational salience enhances stimulus processing and filtering out irrelevant information.
Excessive motivation, however, directs attention towards the affective stimulus and away from
the task at hand (Steel & MacDonnell, 2012). Over-arousal also requires emotional regulation,
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which relies on the same cortical areas as attentional control (e.g., anterior cingulate; Bush, Luu,
& Posner, 2000), further detracting from necessary attention processes. Pessoa also suggests that
the influences of a reward may vary as a function of one’s mood—the trait of approach has also
been found to moderate the influences of reward on cognition (e.g., Braem et al., 2012).
In sum, there are complex associations among reward and cognitive processing that are
driven by a combination of endogenous and exogenous factors. The current dissertation will
investigate the influence of motivation on EFs, as these processes are especially attentional in
nature and are thus likely to yield complex findings in terms of both attentional control and
arousal. Further, whereas EF is required to suppress dominant responses, over-arousal has been
found to strengthen automatic behaviors (Ariely et al., 2009).
2. Executive Functions
EFs are higher-order cognitive processes that underlie goal-directed behaviors (Diamond,
2013). They are associated with a multitude of concurrent and long-term outcomes (e.g.,
academic success; Borella, Carretti, & Pelgrina, 2010), and have therefore been of significant
interest among cognitive and developmental sciences. Elucidating the structure and organization
of EFs, as well as the nature of their integration with other processes (e.g., emotion, motivation),
have been two primary goals within these lines of inquiry.
There is general agreement that adult EF may be somewhat dissociated into three “core”
processes (Diamond, 2013). Working memory (WM) holds a limited amount of information in
memory while simultaneously manipulating it (see Kane & Engle, 2003, for review). Cognitive
flexibility (CF) adjusts cognition and behavior to adapt to changing task demands (see Diamond,
2013, for review). Inhibitory control (IC) involves the suppression of a dominant or automatic
response, either over the course of a delay (e.g., delay of gratification) or in favor of producing a
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sub-dominant response (i.e., conflict IC; see Imuta, Hewitt, & Scarf, 2015, and Lambuschagne,
Cox, Brown, & Scarf, 2017 for review)1. Factor analyses on the structure of EF across
development have yielded mixed results. For instance, some work has suggested that
preschoolers’ WM, CF, and IC comprise a unitary EF factor (Wiebe, Espy, & Charak, 2008)
which fractionalizes into three separate components by mid-adolescence (Lee, Bull, & Ho,
2013). Other analyses, however, have supported hierarchical models of EF for both children (1.5
– 5 years) and adults (Garon, Smith, & Bryson, 2014; Miyake & Friedman, 2012), in which WM
and CF co-vary with a “common EF factor,” while IC completely loads onto this common factor.
These latter findings suggest that IC is a foundational process that supports these subsidiary
functions by preventing unnecessary information from entering WM (Engle & Kane, 2004) and
suppressing attention to previously-relevant stimulus features (Diamond, 2013).
2.1 The Effects of Reward on Adult EF. Numerous adult studies have found that smallto-moderate rewards improve IC (e.g., Braem, Duthoo, & Notebaert, 2013; Padmala & Pessoa,
2011), WM (e.g., Jimura, Locke, & Braver, 2010), and CF (e.g., Fröber & Dreisbach, 2014;
Savine, Beck, Edwards, Chiew, & Braver, 2010) while holding task demands constant across
rewarded and non-rewarded conditions. The majority of this work has also employed withinsubjects designs, controlling for individual differences in EF and reward sensitivity (see section
2.1.1). In one study, for example, participants were told how much they could win for a correct
and fast response ($0 or $0.20) on a Stroop-like task; following each trial, participants received
feedback regarding whether they earned the reward. Participants responded more accurately and
quickly on rewarded trials; further, rewards reduced both interference (i.e., the influence of

1

Here I use the terminology used by Diamond and colleagues (e.g., Diamond, 2013), though the
names of these core functions may vary amongst research groups (e.g., CF vs. “shifting”), which
reflect subtle differences in theoretical perspectives.
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incongruent task-irrelevant information) and facilitation effects (i.e., the effect of congruent taskirrelevant information; Padmala & Pessoa, 2011). Consistent with the Dual-Competition model
(Pessoa, 2009), these findings suggest that rewards enhance the direction of attention to taskrelevant stimuli. Neuroimaging data have yielded similar findings, with motivational contexts
increasing activation of the cortical areas underlying EF and attentional control (e.g., prefrontal
cortex, anterior cingulate; Jimura et al., 2010, Padmala & Pessoa, 2011).
Consistent with the notion that the relationship between reward magnitude and EF follow
an inverted U-shaped function, a few studies have found that large incentives impair adult
cognitive control. For instance, adults’ performance on a spatial WM task was impaired when
incentivized with a relatively high reward (£5.00), with a large maximum potential earning for
the entire study (£100; Mobbs et al., 2009; see also Ariely et al., 2009). As per Pessoa’s (2009)
Dual-Competition model, this “choking under pressure” has been attributed to over-arousal
induced by high-stakes testing (Mobbs et al., 2009; Sattizan, Moser, & Beilock, 2016).
2.1.1 Sensitivity to Reward. The above findings suggest that small-to-moderate rewards
enhance EF, whereas high rewards impair it. These effects are mediated by affective arousal
(Pessoa, 2009; Yerkes & Dodson, 2009), suggesting that there is an “optimal” level of arousal
that may foster maximum performance (Neuenschwander et al., 2014). However, the extent to
which a reward impacts arousal, as well as how much “effort” one is willing to expend for a
reward, varies considerably across individuals (e.g., Braem et al., 2012; Hosking, Floresco, &
Wistanley, 2015; Westbrook et al., 2013). This reflects variability in reward sensitivity, a
hypothesized component of personality that includes the extent to which one has positive
emotional responses to rewards (e.g., Braem et al., 2012) and exerts effort to receive them
(Locke & Braver, 2008).
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Reward sensitivity has been examined extensively in adults via Carver and White’s
(1994) Behavioral Activation System (BAS) scales, the final items for which were derived from
a factor-analysis that yielded three different sub-scales, including Reward-Responsiveness
(positive affective responses to reward cues), Drive (persistence in reward seeking), and FunSeeking (spontaneous reward-seeking behavior). Development of this self-report measure was
based on Gray’s (e.g., 1970) theories of personality, positing a system that regulates appetitive
motivation (see also Blair, Calkins, & Kopp, 2010, for review) and is comprised of areas
involved in reward processing, including dopaminergic pathways and the orbitofrontal cortex
(Carver & White, 1994; Locke & Braver, 2008). Adults’ BAS scores correlate positively with
self-report measures of similar constructs, such as Extraversion (Manifest Anxiety Scale;
Bendig, 1956). BAS scores (particularly Drive and Reward-Responsiveness) also predict
increases in positive affect following reward-related feedback (Carver & White, 1994).
The BAS has served as a key measure in the extant adult literature on reward and EF. The
majority of these studies have found that individuals with higher reward sensitivity exhibit
greater reward-based improvements in cognitive control (e.g., Fröber & Dreisbach, 2014; Jimura
et al., 2010; Savine et al., 2010). For example, adults’ reward-based changes on a Flanker task
were positively correlated with BAS score (Braem et al., 2012). Similar findings have been
observed at the neural level, with highly reward-sensitive individuals exhibiting greater
orbitofrontal cortex activation during rewarded conditions (Locke & Braver, 2008; see also
Engelmann, Damaraju, Padmala, & Pessoa, 2009; Jimura et al., 2010). This work has provided
valuable insights on individual differences in the effects of reward on EF during adulthood.
2.2 Interactions Among Motivation and Cognitive Control: The “Hot-Cool” Model
of Early Childhood EF. EFs and their underlying cortical structures (e.g., dorsolateral prefrontal
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cortex) exhibit protracted development, reaching maturity during early adulthood (e.g., Casey
Tottenham, Liston, & Durston, 2005). Research has consistently demonstrated that early
childhood is a period of major development in EF (e.g., Carlson, 2005; Garon, Bryson, & Smith,
2008), although there are significant individual differences in cognitive control that are relatively
stable throughout childhood and adulthood (Casey et al., 2011; Friedman, Miyake, Robinson, &
Hewitt, 2011). However, EFs and their underlying neural circuitry are also shaped by
environmental factors, such as parenting (Hughes & Devine, 2019) and interventions
(McDermott et al., 2018).
Although prior early childhood research has not examined the effects of reward on EF to
the same extent as the corresponding adult literature, several theoretical frameworks have
considered how motivation and EF interact during this period. For instance, Metcalfe and
Mischel’s (1999) “Hot-Cool” model of early EF suggests that children’s delay maintenance is
influenced by both a hot “go” system that modulates approach/avoidance, as well as a cool
“know” system that supports planning and coordination of goal-directed behaviors. Here,
activation of the “hot” system undermines delay maintenance; therefore, successful IC relies on
suppression of this system (e.g., by diverting attention away from the appetitive stimulus) to
allow more motivationally-neutral processing to take over.
Zelazo and colleagues (e.g., Zelazo, Qu, & Kesek, 2010) later proposed their own model,
suggesting that EFs can be dissociated into hot and cool components. Here, hot EFs rely on
neural structures involved in both affective (e.g., orbitofrontal cortex) and cognitive processing
(e.g., dorsolateral prefrontal cortex); this network continuously re-evaluates stimulus-reward
associations to help one adapt if the stimulus-reinforcement contingency changes (Cunningham
& Zelazo, 2007; cf. Rolls, 2004). This model argues that hot EF is essential for appraising and
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re-appraising the value of a reward, playing a critical role in successful response-reversal,
extinction, and affective decision making (Zelazo & Müller, 2011). Though Zelazo and
colleagues have suggested that motivational salience may make self-regulation more difficult
(e.g., Qu & Zelazo, 2007), activation of hot processes is deemed necessary for successful
cognitive control under affective conditions (Zelazo & Müller, 2011).
2.2.1 Measurement of EF in Unrewarded Contexts: The Day/Night Stroop. Numerous
tasks have been developed to examine early EF in motivationally neutral (i.e., “cool”) contexts,
the majority of which require children to resolve conflict between the correct response and an
automatic or dominant behavior. An overview of a fraction of these measures is provided in
Table A1. A primary measure of interest in the current study is the Day/Night (DN) Stroop, in
which children say “day” when shown a picture of a moon and “night” when shown a picture of
a sun (i.e., inhibit saying the word that “matches” the picture). Prior cross-sectional work has
documented age-related improvements in terms of both RT (3.5 – 4.5 years) and accuracy (3.5 –
7 years; Gerstadt, Hong, & Diamond, 1994). Critically, slower RTs were associated with greater
accuracy (cf. Lagattuta, Sayfan, & Monsour, 2011; Wolfe & Bell, 2004), and children tended to
respond more slowly (and thus more accurately) during the first four trials than the last four (cf.
Deák & Narasimham, 2003). Children also had higher accuracies on a control condition in which
the stimuli were abstract images—as this condition had identical WM demands, these findings
suggest that the DN Stroop primarily requires IC.
This conclusion has been corroborated by numerous studies examining the contributions
of WM and IC to DN Stroop performance (see Table A2). For instance, delaying preschool-aged
children’s responses improves task accuracy (e.g., Diamond, Kirkham, & Amso, 2002), whereas
encouraging children to respond more quickly impairs it (Bialystok & Senman, 2004). These

9

findings suggest that slower RTs allow a prepotent response to weaken before responding (i.e.,
Transient Activation Hypothesis; Simpson & Riggs, 2007; see also Smith & Thelen, 2003, for a
similar model of infant IC). Work with a similar IC task (Simon Says) found that children take
advantage of this benefit of slower RTs, and respond more slowly during trials that immediately
follow incorrect responses (i.e., post-error slowing; Jones, Rothbart, & Posner, 2003). This latter
finding suggests that young children can successfully detect their own errors and adjust their
behavior on subsequent trials to ensure future success.
2.2.2 Measurement of EF in Motivational Contexts. The literature on EFs in
motivationally-salient (i.e., “hot”) contexts is relatively small compared to that of their more
motivationally neutral (i.e., “cool”) counterparts. Most measures that assess EF under rewarded
conditions can be classified as delay of gratification or affective decision making tasks, a brief
overview of which is provided in Table A3. Delay of gratification tasks require children to either
a) choose between a small, immediate reward and a larger, delayed reward (i.e., choice delay) or
b) wait to consume a reward to receive a larger or more appealing one (i.e., delay maintenance).
Delay of gratification predicts a variety of developmental outcomes (Mischel, Shoda, &
Rodriguez, 1989), which may be mediated by the stability of so-called “hot” EFs between early
childhood and adulthood (Casey et al., 2011). Affective decision making, on the other hand,
involves the appraisal and reappraisal of the reward value of a stimulus or behavior (e.g.,
Cunningham & Zelazo, 2007). For example, in the Children’s Gambling Task, children draw
from decks of cards that correspond to rewards gained or lost, and must learn which decks yield
the greatest rewards overall. Most 3-year-olds perseverate on disadvantageous decks that yield
both large rewards and large frequent losses (Kerr & Zelazo, 2004); these errors have been
likened to those made by humans and macaques with damage to areas underlying reward
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processing (orbitofrontal cortex; Bechara, Damasio, Damasio, & Anderson, 1994; Clark &
Goldman-Rakic, 1989).
Despite appearing somewhat dissociable, delay of gratification and affective decision
making rely on overlapping neural structures (Cunningham & Zelazo, 2007) and cognitive
processes. For instance, choice delay tasks (e.g., Delay Discounting; Prencipe & Zelazo, 2005)
have clear demands on affective decision making, as children must decide if a preferred treat is
worth the wait. Further work has also suggested that delay maintenance invokes a similar
decision-making process by which children weigh the value of the expected incentive against the
likelihood that successful delaying will be rewarded (Kidd, Palmeri, & Aslin, 2013).
2.2.3 Comparisons of Early EFs Under Motivational and Neutral Contexts. Factor
analyses have yielded mixed results on the structure of rewarded and non-rewarded (“hot vs.
cool”) EFs (see Table A4). Consistent with unitary models, several studies have demonstrated
that these processes follow similar developmental trajectories, with especially rapid
improvements in both areas occurring during early childhood (Gerstadt et al., 1994; Joyce et al.,
2016; cf. Prencipe et al., 2011). For instance, most 3-year-olds fail the Dimensional Change Card
Sort (DCCS), a non-rewarded measure of set-shifting (see Table A1 for task description),
whereas most 4- and 5-year-olds perform at ceiling (Zelazo, 2006)—similar improvements are
observed on a measure of affective decision making (Children’s Gambling Task), in which 3-,
but not 4-year-olds, regularly perform below chance across all trials (Kerr & Zelazo, 2004; see
also Hongwanishkul, Happaney, Lee, & Zelazo, 2005). Conversely, examination EFs’
differential associations with developmental risk factors/outcomes as a function of motivational
context (see Table A5) has provided support for fractionalized models. For instance,
preschoolers’ EF under motivationally neutral conditions (Balance Beam, Pencil Tap) predicted
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academic achievement and classroom behaviors, whereas their rewarded EF (Snack Delay,
Tongue Task) did not (Willoughby, Kupersmidt, Voegler-Lee, & Bryant, 2011; see also Brock et
al., 2009; Thorell, 2007).
2.3 Limitations of the “Hot-Cool” Model. Differential associations among
motivationally-salient and neutral executive processes and various outcomes have been argued to
demonstrate the importance of considering the “hot-cool distinction” in early EF research
(Willoughby et al., 2011). However, the vast majority of this literature has used completely
different tasks, varying in demands (e.g., language, motor), to assess EF across motivational
contexts. For instance, most measures of “hot” IC require suppression of a dominant response
(i.e., delay), whereas measures of “cool” IC also require children to initiate an alternate response
(i.e., conflict; Carlson & Moses, 2001; Joyce et al., 2016) with the latter often placing higher
demands on WM (Carlson, Moses, & Breton, 2005). As such, it has been proposed that work in
this area should maintain task demands while only varying emotional/motivational salience (e.g.,
Carlson & Wang, 2007; Welsh & Peterson, 2014). However, the few studies that have done so
have yielded mixed results. For example, emotional salience has a facilitative effect on DCCS
performance (Qu & Zelazo, 2007; see also Li, Liu, & Shi, 2019), but impairs performance on a
Stroop-like task (Lagattuta et al., 2011). As the current study specifically examines the effects of
reward on early childhood EF, the following sections detail existing manipulations of young
children’s motivation, highlighting the limitations of this small literature.
2.4 Manipulations of Motivation on Early Childhood EF. The most commonly used
strategy to manipulate children’s motivation within a single task is to alter their attention to
consummatory rewards by presenting them with abstract symbols of the incentives, rather than
the rewards themselves. The effects of symbolic distancing vary between measures; for example,
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in choice delay tasks, children are less likely to choose the delayed reward when choices are
represented using abstract symbols (Addessi et al., 2014; see also Lambuschagne et al., 2017;
Mischel & Moore, 1973), whereas this practice improves 3-year-olds’ performance on a Less is
More task (Carlson et al., 2005; see also Addessi & Rossi, 2011; Boysen & Bernston, 1995).
These conflicting findings suggest that symbolic distancing may reduce cues related to item
quantity, making children less likely to choose the larger option. Thus, distancing oneself from
the consummatory characteristics of the reward, while maintaining representations of exact
quantity, may enhance choice delay. Consistent with this idea, 3-year-olds are more likely to
choose a larger, delayed reward when choosing for another person, rather than themselves
(Prencipe & Zelazo, 2005; cf. Beck, Schaefer, Pang, & Carlson, 2011).
A few studies have examined the effects of reward on early EF by altering children’s
expectations about whether they would receive rewards for successful task performance. For
instance, research manipulating the reliability of the testing environment found that preschoolers
who expected to receive the promised reward after the delay waited longer than those who were
uncertain (Kidd et al., 2013). Other work has applied a different strategy—in completing a series
of set-shifting tasks (e.g., DCCS) 2.5– to 4.5-year-old children assigned to the non-rewarded
group sorted cards, whereas children in the rewarded group sorted snacks, which they could take
home if they “followed the rules of the game” (p. 177). Surprisingly, there were no effects of
reward on task performance (Beck et al., 2011). However, the reward contingency for these
games was ambiguous; it was unclear, for instance, whether receiving the rewards required
perfect performance.
Similar research assessed the effects of reward expectation on 4- to 6- year-old
Singaporean children’s performance on conflict (DN Stroop) and set-shifting tasks (Flexible
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Item Selection Task; FIST). The “reward-informed” children were told that they would receive a
wrapped gift at the end of the games if they performed “really well” on their assigned task (p. 5).
Contrasting with Beck et al. (2011), reward-expectation impaired set-shifting, whereas it
enhanced performance on the DN Stroop; this latter finding was attributed to enhanced selective
attention and positive affect, though these were not directly measured (Qu et al., 2013)2.
However, as in Beck et al. (2011), the performance-reward contingency was ambiguous and
reward-informed children did not know what the incentive was; the authors note that some
children could have predicted that the box contained a “large” or “fancy” toy (p. 9). Expectations
about reward value likely varied from child to child, which is especially limiting given the
study’s between-subjects design and relatively small sample sizes. It is also unclear whether this
protocol would yield similar results on a Western sample, as East Asian children have stronger
IC (Bialystok & Luk, 2007; Oh & Lewis, 2008; Sabbagh, Xu, Carlson, Yang, & Lee, 2006) and
lower approach than North American children (Ahadi, Rothbart, & Ye, 1993; Kusanagi, 1993).
Further, extant work on reward expectation provides relatively little insight on the
mechanisms by which motivation may alter early EF. As discussed previously, rewards may
affect EFs via modulation of children’s attentional control (e.g., performance monitoring), which
is reflected in changes in RT (e.g., Jones et al., 2003); this was not examined by Beck et al.
(2011), whereas Qu et al. (2013) measured RT in terms of overall task duration, and found no
effects of reward expectation on RT. However, this strategy is less precise than those used by
prior studies examining RT on a trial-by-trial basis (e.g., Gerstadt et al., 1994; Simpson & Riggs,
2006), and may not have been sensitive enough to detect reward-based changes in RT.
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Qu and colleagues (2013) measured positive affect before, but not after, the reward
manipulation.
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Only one study has examined whether reward-related feedback alters young children’s
EFs. Though conceptually similar, manipulations of reward expectation and feedback engage
different components of reward processing (i.e., appetitive versus consummatory processes,
respectively) and underlying neural circuitry (Knutson, Fong, Adams, Varner, & Hommer,
2001). In a within-subjects design, preschoolers completed rewarded and non-rewarded versions
of a computerized DCCS (Tarullo et al., 2018). In the rewarded condition, children were
informed that they could win stickers for correct responses, which were followed by a smiley
face and an animation of stickers appearing on a sticker chart. Incorrect responses, however,
triggered a sad face and an animation of the stickers disappearing. No feedback was provided for
the non-rewarded condition. Contrasting with the aforementioned studies, children’s response
accuracy on the post-switch DCCS was higher in the rewarded condition, again suggesting that
reward expectation and feedback may have differential effects on early EF. Furthermore, trialby-trial measurements of children’s RT indicated that children responded more slowly in the
rewarded condition as compared to the non-rewarded condition. These latter findings suggest
that rewards enhance children’s performance monitoring, as they may slow their responses in
order to improve their accuracy.
Despite these critical contributions to our understanding of early motivation-cognition
integration, this study also has several significant limitations. Whereas children were provided
with a variety of feedback cues during the rewarded condition, they received no feedback during
the control condition. Prior work has found that verbal feedback on the DN Stroop resulted in
accuracies that were approximately 15% higher (Simpson & Riggs, 2005) than those reported by
studies that did not provide feedback (e.g., Gerstadt et al., 1994). As Tarullo et al. (2018)
reported a 12% change in accuracy across conditions, it is possible that this difference is
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completely explained by the effects of evaluative feedback. Additional work that provides
feedback in neutral/non-rewarded conditions is therefore needed to determine whether reward
enhances early EF beyond the effects of feedback alone. Further, all children completed the nonrewarded DCCS before the rewarded version, which may have induced practice effects during
the latter task3.
3. Early Childhood Reward Sensitivity
The aforementioned studies have demonstrated that the effects of reward on EF varies
among tasks and the methods used to manipulate motivation. Even so, reward-EF associations
may be more complex than what has been presented in the current literature—research
investigating rewarded and non-rewarded EFs using different tasks have examined various
individual-differences factors that moderate reward-EF associations (e.g., Hodel, Brumbaugh,
Morris, & Thomas, 2015). However, such moderators have not been considered within the few
early childhood examinations that have held task demands constant across motivational contexts.
This marks a significant gap in our understanding of early associations among motivation and
cognitive control, especially given the inconsistent findings within this small body of work.
A vast adult literature has determined that approach tendencies (specifically reward
sensitivity) moderate reward-EF associations (e.g., Braem et al., 2012; Fröber & Dreisbach,
2014). Early childhood researchers consider approach to fall under the broader domain of
temperament, which comprises “[biologically]-based individual differences in reactivity and
self-regulation in the domains of affect, activity, and attention” that are stable across
development and contexts (Rothbart & Bates, 2006, p. 100). Associations amongst various
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Although a follow-up study in which children completed two non-rewarded DCCS tasks backto-back did not detect practice effects, this sample differed from that of the main study in terms
of both size and demographics (Tarullo et al., 2018).
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temperament dimensions and EFs have been widely examined (e.g., Blair, 2003; Liu, Calkins, &
Bell, 2018; Montroy et al., 2019; Wolfe & Bell, 2004), with temperament moderating the effects
of child arousal on performance on a variety of tasks (Neuenschwander et al., 2015). However,
the potential moderating effects of reward sensitivity on reward-EF associations during early
childhood have yet to be investigated. The following sections overview two assessments of early
childhood reward sensitivity, each representing a different theoretical framework.
3.1 The Behavioral Activation System Scale. As discussed previously, a large body of
literature has examined adults’ reward sensitivity using Carver and White’s (1994) BAS scale,
finding that these scores predict reward-based change in EF. However, relatively few studies
have examined early childhood BAS reactivity. Blair (2003) rephrased the original questionnaire
prompts into parent-report items regarding children’s affective responses to positive situations;
children’s BAS scores correlate with physiological indices of emotion regulation and approach
(Blair, 2003; Blair, Peters, & Granger, 2004). The few studies examining associations among
preschool BAS and EF have yielded mixed findings. For instance, while one study found no
correlations between parent-report BAS and 3- to 5-year-old Head Start students’ EF in
motivationally-neutral conditions (peg-tapping, DN Stroop; Blair, 2003), later work with a larger
sample size found negative associations amongst these variables (EF measures: peg-tapping;
FIST; Blair et al., 2004). These latter findings suggest that EFs play a role in regulating approach
tendencies (Blair et al., 2004). As these two studies exclusively examined children from lowincome households, more work is needed to examine associations among BAS and EF within a
broader preschool sample.
Limited evidence suggests that these scales may provide valuable insight on the
interactions among incentives, reward sensitivity, and EF in a developmental sample. Changes in
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8- to 12-year-old boys’ IC as a function of monetary incentive was correlated with their reward
sensitivity (Kohls, Petlzer, Herpertz-Dahlmann, & Konrad, 2009). However, despite widespread
use of these scales in examining the influences of adult approach on reward-EF associations
(e.g., Braem et al., 2012; Fröber & Dreisbach, 2014), no study has employed the BAS to
examine these effects during early childhood.
3.2 The Positive Anticipation Scale. Whereas the parent-report BAS is a downward
extension of a frequently used adult measure, the Children’s Behavior Questionnaire (CBQ;
Putnam & Rothbart, 2006; Rothbart, Ahadi, Hershey, & Fisher, 2001) employs a bottom-up,
theoretically-driven approach to examine 3- to 7-year-olds’ temperament (Rothbart et al., 2006).
A factor analysis identified three main factors (Extraversion/Surgency, Negative Affect, and
Effortful Control) comprised of 15 scales. The CBQ has been used extensively in developmental
EF research (see Bell & Cuevas, 2016, for review), demonstrating that child temperament is
associated with EFs in both rewarded and non-rewarded conditions (e.g., Carlson et al., 2004;
Wolfe & Bell, 2004, 2007) and moderates associations amongst environmental factors (e.g.,
parenting) and preschoolers’ cognitive control (Dennis, 2006; Suor, Sturge-Apple, Davies, &
Jones-Gordlis, 2019). Despite the widespread use of the CBQ, no study has used this measure to
investigate how temperament may moderate the influences of reward on EF.
The temperament dimension of Approach/Positive Anticipation (henceforth referred to
as “Positive Anticipation”) reflects children’s “… excitement and anticipation for expected
pleasurable activities” and loads onto the Extraversion/Surgency factor (activity level and
preference for high-intensity stimuli; Rothbart et al., 2001, p. 1406). Like the BAS, Positive
Anticipation assesses approach tendencies and excitement in response to positive events, though
this scale almost exclusively examines children’s affect for future events. Parent reports of
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children’s Positive Anticipation tend to be positively correlated with scores on the early
childhood BAS (Blair et al., 2004; Vervoort et al., 2015).
As in examinations using the parent-report BAS, there are mixed findings regarding the
relationship between Positive Anticipation and preschoolers’ EF. For instance, research
aggregating cognitive control under rewarded and non-rewarded conditions into a general EF
composite found null associations among Positive Anticipation and EF (Carlson et al., 2004). On
the other hand, research examining EFs separately across motivationally-salient and neutral
conditions found that Positive Anticipation correlated positively with children’s delay
maintenance, but negatively with performance on two Stroop-like tasks (i.e., non-rewarded
measures; Wolfe & Bell, 2004; see also Hongwanishkul et al., 2005). These findings suggest that
Positive Anticipation may have differential associations with EF depending on motivational
context—a negative correlation between Positive Anticipation and non-rewarded EF may reflect
children’s inability to regulate approach tendencies (and thus their attention; Blair et al., 2004),
whereas high levels of this trait may drive children to regulate their behaviors to obtain rewards
in motivationally-charged contexts. Positive Anticipation may therefore moderate the effects of
rewards on early EF.
4. The Current Study
Prior adult research has found that small-to-moderate rewards enhance EF, and these
reward-based changes are associated with individual differences in reward sensitivity (e.g.,
Braem et al., 2012; Padmala & Pessoa, 2011). However, the influences of incentives on early
childhood EF remain unclear, in part due to the inconsistency of tasks used to measure rewarded
and non-rewarded EF within the extant “Hot-Cool” literature (e.g., Hodel et al., 2015;
Hongwanishkul et al., 2005). The majority of early childhood studies holding task demands
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constant across motivational conditions have examined the effects of symbolic distancing (e.g.,
Addessi et al., 2014; Carlson et al., 2005; Mischel & Moore, 1973)—however, differential
effects of this practice across measures suggest that the underlying mechanisms may not be
purely motivational (Addessi et al., 2014). The remaining findings on reward expectation and
reward-related feedback have been mixed and have significant limitations, including unclear
reward contingencies, insufficient examination of RT, use of between-subjects designs (Beck et
al., 2011; Qu et al., 2013), and no control over the effects of evaluative feedback on performance
(Tarullo et al., 2018). Critically, aside from preliminary analyses on age and sex, these studies
have not examined how any individual-differences factors may moderate the effects of reward on
EF. This marks a major limitation of the current developmental research that stands in stark
contrast to the corresponding adult literature.
To address these issues, the current study examines interactions among performance
feedback (i.e., reward-related vs. control) and reward sensitivity on 3.5- to 5-year-old children’s
EF. This age range was selected because it represents a period of critical development in
cognitive control, although the specific influences of reward on preschoolers’ EF remain
relatively understudied. Children’s EF was examined using two equivalent Stroop-like tasks (DN
task; Gerstadt et al., 1994; Big/Small task), as these are among the most frequently used
measures of child EF and the processes underlying Stroop performance are well-documented
(see Montgomery & Koeltzow, 2010, for review). These tasks were selected over the commonlyused DCCS, as DCCS produces a bimodal distribution of scores (Zelazo, 2006), which could
obscure potential interactions among reward and temperament. Contrasting with most work
comparing performance on rewarded and non-rewarded versions of the same task (e.g., Beck et
al., 2011; Qu et al., 2013), the Stroop-like tasks will be administered on a within-subjects basis to
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account for individual differences in preschoolers’ EF (Carlson, 2005). To my knowledge, this
study is the first to compare the effects neutral and reward-related feedback on early EF; the
current dissertation also expands on the extant literature by examining the potential moderating
influences of temperament, specifically reward sensitivity, on reward-EF associations during this
period. BAS Reward-Responsiveness and CBQ Positive Anticipation were selected as primary
measures of interest as they assess children’s affect and arousal in response to positive events or
stimuli. The current study will therefore expand on the limited early childhood BAS literature,
while simultaneously embedding its findings within Rothbart’s well-established temperament
framework (Rothbart et al., 2001; Rothbart & Bates, 2006).
4.1 Hypotheses. Consistent with limited early childhood data (e.g., Tarullo et al., 2018), I
anticipated that reward-related feedback will enhance children’s response accuracy beyond the
effects of neutral feedback. I also hypothesized that reward sensitivity will moderate these
effects. Higher levels of adult reward sensitivity are associated with greater reward-related
improvements in EF (e.g., Braem et al., 2012; Fröber & Dreisbach, 2014); some evidence also
suggests that children with high approach tendencies have poorer performance on EF tasks in
motivationally-neutral contexts (Blair, 2004; Wolfe & Bell, 2004), but greater performance on
motivationally-salient tasks (Wolfe & Bell, 2004). Thus, I expected children with high levels of
reward sensitivity to exhibit the greatest improvements in EF as a function of reward. As
Reward-Responsiveness and Positive Anticipation assess overlapping constructs (Blair et al.,
2004; Vervoort et al., 2015), I expected similar patterns across temperament measures.
Based on the findings of Tarullo et al. (2018), I hypothesized that children would have
slower RTs during the rewarded as compared to the non-rewarded condition. This would suggest
that rewards enhance performance via modulations of attentional control, particularly
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performance monitoring (Jones et al., 2003). I did not have specific hypotheses regarding
interactions among temperament and reward on RT; as reward-sensitive individuals expend more
effort to receive incentives (Carver & White, 1994), children high in these traits may slow their
responses to maximize rewards. On the other hand, people with high levels of reward sensitivity
experience higher arousal in motivational contexts (Carver & White, 1994), which may be
reflected in faster RTs (Petersen & Posner, 2012).
Prior analyses have demonstrated that children respond more quickly and less accurately
over the course of the DN Stroop task (e.g., Gerstadt et al., 1994), although these detailed
analyses are missing from the extant “Hot-Cool” literature. However, as children received trialby-trial feedback on their performance across both study conditions, I did not anticipate accuracy
or RT to change across trials. Finally, I expected that children would exhibit post-error slowing
(Jones et al., 2003), especially under rewarded conditions.
Chapter 2: Method
1. Participants
Participants were recruited from preschools in the state of Connecticut. For exploratory
purposes, we collected data from 3.10- to 5.37-year-olds (N = 98; M = 4.48 years, SD = 0.55; 46
girls), but excluded children younger than 3.5 years (n = 5) from primary analyses (as per
Gerstadt et al., 1994). The final sample therefore consisted of 93 children (42 girls; 20 Hispanic;
73 white, 6 Asian American, 4 African American, 3 multiracial, 1 other race, 6 unreported race)
ranging in age from 3.65 to 5.37 years old (M = 4.55, SD = 0.49). All participants were typically
developing, born within 3 weeks of their expected due dates, and weighed at least 5.5 lb. at birth.
Families reported parents’ age for 97.8% of mothers and 94.6% of fathers, who were 22 – 48 (M
= 35.18, SD = 5.17) and 25 – 52 years old (M = 37.80, SD = 5.43), respectively, at the time of
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testing. Several additional children within the target age range were enrolled in the study but
were excluded from final analyses due to pre-test failure (see p. 27; n = 2), refusal to complete
the tasks (n = 1), or experimenter error (n = 1).
Demographic data were collected via a parent-report questionnaire (see Appendix B). All
families reported both parents’ educational status. All mothers completed a high school
education; 31.2% completed some college (or a 2-year degree), 28% completed a 4-year college
degree, 23.7% completed a master’s degree, and 7.5% completed a doctoral degree. Most fathers
also completed a high school education (98%); 25.8% completed some college (or a 2-year
degree), 19.4% completed a 4-year college degree, 12.9% completed a master’s degree, and
1.8% completed a doctoral degree. Recruitment and testing procedures were approved by the
University of Connecticut Institutional Review Board. Aside from stickers earned during testing,
families did not receive compensation for their participation.
2. Apparatus
The apparatus consisted of two stimulus flipbooks made from 23 x 7.5 cm binders. Use
of the flipbook format enabled presenting the card with one hand while handling the stickers
with the other during the rewarded condition, decreasing protocol duration. Each flipbook
contained eighteen 14 x 9 cm stimulus cards (2 training, 2 pre-test, and 14 test cards), each
mounted on a separate laminated page (see Figure 2.1a). To allow for a within-subjects design
with minimal practice effects, the present study utilized two similar EF measures. The Day/Night
(DN; Gerstadt et al., 1994) task contained sun and moon pictures (see Figure 2.1b) and the
Big/Small (BS) task had elephant and mouse pictures (see Figure 2.1c). Within-subjects pilot
testing on a small group of preschool-aged children (N = 11; M = 4.66 years, SD = 0.41)
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confirmed that these two Stroop tasks were equivalent in terms of children’s response accuracy (t
< 1).

Figure 2.1. Study apparatus: Sample flipbook (a), Day/Night task stimuli (b), and Big/Small
task stimuli (c).
The rewards for the current study were small stickers (approx. 1 cm in diameter) from
Paper Magic Group, Inc. (Moosic, PA). Stickers were selected for the current study given their
widespread use as child incentives in a variety of contexts (e.g., school settings). Prior work has
also demonstrated that children exhibit comparable performance on delay of gratification tasks
(i.e., “hot” measures) when receiving stickers and other small rewards (e.g., pennies, candies;
Hongwanishkul et al., 2010). Individual stickers were organized in four opaque containers that
were labeled with samples of the types of stickers that were inside (see Figure 2.2). The
apparatus also included a fifth empty container used to store participants’ stickers during
administration of the rewarded condition.
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Figure 2.2. Sticker reward containers with sample stickers. From left to right: Bugs, Stars,
“Nice Words,” and “Smiley Faces.” Sticker groupings are consistent with those used by the
manufacturer.
3. Procedures
All study sessions took place in a private area within the child’s preschool. As previous
research with adults has indicated that cognitive performance may vary as a function of the
number of people observing (Ariely et al., 2009), two researchers were present for every session.
The primary experimenter administered the protocol while a research assistant (RA) video
recorded the study session on a Samsung camcorder. Cards for the DN tasks were presented in
the same pseudorandom order used by Gerstadt et al. (1994): Sun (S), Moon (M), S, M, S, M, S,
M, M, S, S, M, S, M, M, S, M, S. Administration of the BS tasks followed the same order,
starting with the elephant card.
Children completed a total of two tasks, which varied based on task version (i.e., DN vs.
BS) and reward condition (i.e., rewarded vs. non-rewarded). To examine potential interactions
among reward condition and cognitive load, each task was divided into two phases. These tasks
began with the non-Stroop phase, in which children said the word that “matched” the card (e.g.,
“small” for mouse), whereas they said the “opposite” in the more difficult Stroop phase (e.g.,
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“big” for mouse). To further control potential practice effects, children were assigned to one of
four possible protocol orders (see Figure 2.3), with half of the sample completing the rewarded
condition first. As the non-Stroop phase was implemented to examine interactions among
cognitive load and reward, this phase was always presented first to minimize potential carry-over
effects from the more challenging Stroop phase (e.g., rule-switching; Cuevas, Calkins, & Bell,
2016).

Figure 2.3. All possible protocols.
3.1 Training and Pre-Test Trials. For the rewarded condition, the tasks started with an
explanation of game rules and the reward contingencies, during which time children selected
their preferred rewards. The experimenter first said, “We’re going to play a game where you can
win some stickers. Before we play, I want to know what kind of sticker you would like to win!”
Children were then presented with three randomly selected sticker containers, each one labeled
by name. Once the child selected a sticker4, the experimenter opened the box and showed the

4

Child sticker selections for the rewarded non-Stroop and Stroop phases, respectively, were as
follows: Bugs (38.7% and 29.0%), “Smiley Faces” (28.0% and 34.4%), Stars (21.5% and
25.8%), and “Nice Words” (11.8% and 10.8%). Performance on either phase did not vary as a
function of sticker choice (Fs < 1).
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child one of the stickers that was inside and said, “We’re going to play a game. For this game,
I’m going to show you some pictures and you have to say the word that goes with the picture.
Every time you say the right word, I’m going to take a sticker out of here and then put it in
here.” She then demonstrated moving a sticker into the child’s container, and stating, “All of the
stickers that go in here are yours and you get to take them home.” The introduction of the nonrewarded condition followed the same script, though discussion of reward was omitted.
Children then proceeded to two training trials, in which the experimenter showed the first
training card and explained the rules of the game. For instance, during the non-Stroop phase for
the DN task, the experimenter presented the sun card and said, “When you see this card, I want
you to say day.” If the child did not respond, he or she was prompted to say the word that goes
with the card; the experimenter then presented the second training card (e.g., moon) and said
“And when you see this picture, I want you to say night.” Administration procedures for training
trials were equivalent across rewarded and non-rewarded conditions.
Children then proceeded to two pre-test trials in which the experimenter asked “What do
you say for this card?” The experimenter provided feedback for correct responses (rewarded
condition: “That’s right—here’s a sticker;” non-rewarded condition: “That’s right—let’s do
another one”). For incorrect responses, the experimenter reminded children about the task rules
(rewarded condition: “That’s not right. For this card we say day—no sticker this time;” nonrewarded condition: “That’s not right. For this card we say day—let’s try again”). If children
indicated that they did not know the answer, the experimenter prompted them to take their best
guess. If they failed to give the correct response for either or both of the pre-test trials, they
repeated both the training and pre-test trials up to four more times. Children who failed five sets
of pre-test trials did not continue on to the rest of the task (n = 2). See Appendix D for a
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frequency distribution of the number of pre-test trials completed by children as a function of
phase and condition.
3.2 Test Trials. Children then completed 14 additional test trials. To control for the
evaluative nature of reward administration (i.e., giving a child a sticker indicates that the
response was correct), the experimenter provided verbal feedback on all test trials for both
conditions. As in the pre-test trials, the experimenter indicated in a neutral tone whether
children’s responses were correct (rewarded condition: “That’s right—here’s a sticker;” nonrewarded condition: “That’s right—let’s do another one") or incorrect (rewarded condition:
“That’s not right—no sticker this time;” non-rewarded condition: “That’s not right—let’s try
again”) and encouraged children to guess the correct response if they said they did not know the
answer. However, children were not reminded of the game rules during test trials.
4. Questionnaires
To assess children’s reward sensitivity, we administered parent-report versions of the
Behavioral Inhibition System and Behavioral Activation System (BIS/BAS; Blair, 2004; Blair et
al., 2003;; Carver & White, 1994) and the Anger/Frustration and Positive Anticipation scales
from the standard-length CBQ (Rothbart et al., 2001). Our primary questionnaire measures of
interest were BAS Reward-Responsiveness (5 items; α = .67) and CBQ Positive Anticipation (13
items; α = .74). Scale items from our primary measures of interest are provided in Table 2.1 (see
Appendix C for supplementary scale items). Both scales consist of Likert-type items ranging
from 1 (extremely untrue) to 7 (extremely true), including a “Not Applicable” (N/A) option, in
which parents may indicate that they have never observed their children in the context in
question. However, prior work with these measures has found that preschoolers’ mean scale
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scores generally fall between 3 and 7 (Blair et al., 2004; Rollins et al., 2014; Rothbart et al.,
2001).
Table 2.1
Items on the Parent-Report Reward Sensitivity Scales
Subscale

Prompt

BAS
RewardResponsiveness

When good things happen to my child, it affects him/her strongly.
When my child sees an opportunity for something, he/she gets excited right away.
When my child gets something that he/she wants, he/she feels energized.
When my child is doing well at something, he/she loves to keep at it.
It would excite my child very much to win a prize.
CBQ
Gets so worked up before an exciting event that s/he has trouble sitting still.
Positive
When s/he sees a toy s/he wants, gets very excited about getting it.
Anticipation
When s/he wants to do something, s/he talks about little else.
Has strong desires for certain kinds of foods.
Looks forward strongly to the visit of loved relatives.
Becomes very excited while planning for trips.
Becomes very excited before an outing (e.g., picnic, party).
Is usually pretty calm before leaving on an outing (e.g., picnic, party). R
Gets very enthusiastic about the things s/he does.
Shows great excitement when opening a present.
Doesn't become very excited about upcoming television programs. R
Remains pretty calm about upcoming desserts like ice cream. R
Looks forward to family outings, but does not get too excited about them. R
Note. BAS = Behavioral Activation System (Blair, 2003); CBQ = Children’s Behavior Questionnaire
(Rothbart et al., 2001). R = reverse scored.

Parents who returned incomplete questionnaires received follow-up forms prompting
them to complete the missing items. As a result, there were relatively few missing questionnaire
data; items that parents indicated did not apply to their children (i.e., circled the “N/A” option on
the scale) were also scored as “missing.” For the CBQ Positive Anticipation scale, 83.9% of
parents completed the entire scale, 14% missed one or two items, and 2.2% missed three or four
items. For BAS Reward-Responsiveness, 96.8% of families completed the scale, and the
remaining 3.2% missed a single item. As expected, Reward-Responsiveness and Positive
Anticipation were positively correlated, r(91) = .51, p < .001, even when controlling for child
age.
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5. Data Coding and Processing
All coding was completed using the video recordings of the study sessions and RAs were
trained by L. Bryant on coding procedures.
5.1 Response Accuracy. Children’s responses were marked as either correct or incorrect.
Self-corrections (i.e., giving a full response and then changing one’s answer) and trials in which
children insisted that they did not know the answer after being prompted were noted but marked
as incorrect. Partial self-corrections (i.e., beginning to provide the incorrect answer and then
switching to the correct response), however, were marked as correct (Lagattuta et al., 2011). The
use of synonyms or words associated with the correct response (e.g., “morning” instead of “day”
or “tiny” instead of “small”) were also accepted as correct, as these did not reflect failures of IC 5.
L. Bryant coded every session video for accuracy, and each video was coded a second time by
one of four trained RAs to establish inter-rater reliability. Coders agreed on 99.47% of all trials;
discrepant trials were reviewed with the RA who had coded the video, and together a consensus
was met on how these trials should be scored. For one participant, a non-rewarded Stroop trial
was omitted from analyses because it was agreed to be unclear whether the response was correct
or incorrect. For all other participants, a correct/incorrect score was agreed upon for all trials
included in analyses.
As my hypotheses specifically concerned reward-based change in response accuracy,
relative change indices (RCIs) were calculated separately for the non-Stroop and Stroop phases
as a function of reward condition (Kohls et al., 2009). For example, Stroop RCI was calculated
with the following formula: [(rewarded Stroop accuracy – non-rewarded Stroop accuracy)/non-

5

During the early stages of testing, a small subsample of children (n = 13) received feedback that
such terms were incorrect. These trials were later re-coded as being correct responses. The
results did not differ when these participants were excluded from analyses (see Appendix D).
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rewarded Stroop accuracy] × 100%. A positive RCI indicates reward-based increases in
accuracy (e.g., RCI = 100% indicates twice as many correct responses in the rewarded condition
than the non-rewarded condition).
5.2 Response Time. Using Premier Pro (Adobe, San Jose, CA), session videos were
coded frame-by-frame (frame rate ≈ 29.97 Hz) to identify the frame in which the child first saw
the stimulus card (i.e., “stimulus onset”). To code for children’s responses, coders used the
program’s audio scrubbing feature to play frame-by-frame sound bites of the video, which
enabled precise identification of the frame in which the child began to respond verbally. RTs
were calculated as the time difference between stimulus onset and the child’s response for each
trial (Gerstadt et al., 1994). Although, to my knowledge, this is a relatively novel method of
precisely calculating Stroop RT, this technique is consistent with my prior work using frame-byframe video coding (Bryant & Cuevas, 2019) and is more sensitive to small variations in RT than
the methods used by the majority of the extant Stroop literature (e.g., Lagattuta et al., 2011; Qu
et al., 2013).
For RT coding techniques, first, L. Bryant and an RA both coded the same three
randomly selected session videos separately. The selected frames for stimulus onsets and
responses for all trials and all task conditions/phases were then compared. RAs were approved to
code independently if their scores agreed with L. Bryant’s within 3 frames on at least 90% of
stimulus onsets and responses for two out of three consecutive videos; RAs who did not meet
these criteria repeated this process before receiving approval. Videos that were used for training
were re-coded on a later date by a trained RA. All session videos were then coded by one of four
approved RAs; to establish inter-rater reliability, L. Bryant coded 20% of all videos, and agreed
within 3 frames on 96.47% of stimulus onsets and 93.35% of responses. As in accuracy coding,
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discrepant trials were reviewed with the coder, and a consensus for all affected trials was
reached.
Trials in which a) the child said something unrelated to the task prior to responding, b)
the child indicated that he or she did not know the response, even if he or she answered correctly
afterwards, c) the child was interrupted prior to responding (e.g., school intercom), and d) the
coder(s) was not able to confidently identify the time stamp for stimulus and/or response onset
(e.g., poor camera angle, excessive noise) were not scored for RT. These exclusion criteria
affected 13.82% of test trials across all four conditions (range: 3 – 16 trials total; M = 7.75, SD =
2.92). A 2 (Phase) × 2 (Reward) repeated-measures ANOVA on the number of missing RT
scores revealed a marginal effect of reward, with more trials omitted for the non-rewarded
condition (M = 14.86%, SD = 7.71) than the rewarded condition (M = 12.79%, SD = 7.15), F(1,
92) = 3.57, p = .06, ηp2 = .04 (main effect of phase, Phase × Reward interaction: Fs < 1).
Participants who did not have usable RT data for at least seven test trials (i.e., at least half) for all
four conditions (n = 10; 3 girls) were excluded from primary RT analyses; these participants did
not differ from the remaining sample in terms of age or response accuracy (i.e., both raw
response accuracy scores and RCI; Fs < 1).
To account for individual differences in children’s overall RT, standardized RTs were
also calculated for each participant. Each child’s mean RT (MRT) and standard deviation (SDRT)
was calculated across all usable test trials, collapsing across task phase and reward condition. RT
for each individual trial was then transformed into a z-score using the following formula: zTrial =
(RTTrial - MRT) / SDRT, with positive values indicating that the child responded more slowly
during the given trial than their average RT across the entire study session.
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As most work examining children’s RT on a trial-by-trial basis exclusively examined RT
during correct responses (e.g., Simpson & Riggs, 2005), RT data for incorrect responses were
omitted from primary analyses (though were included in some secondary analyses). The
remaining RTs were then used to compute mean RT for each of the four conditions. As these
data were already standardized, difference scores (e.g., rewarded Stroop RT – non-rewarded
Stroop RT) were calculated in lieu of RCI to examine reward-based change in RT. Positive
difference scores indicated that children responded more slowly in the rewarded condition than
during the corresponding non-rewarded condition.
5.3 Data Screening. Prior to analysis, children’s accuracy RCI, RT difference scores
(both Stroop and non-Stroop), and questionnaire data were screened for outliers (i.e., M ± 3 SD).
This revealed that three children had extreme values for Stroop RCI (RCI ≥ 99%), and two
children had extreme values for non-Stroop RCI (RCI ≥ 41%); these five children were therefore
excluded from all subsequent analyses—however, supplementary analyses included winsorized
outliers (i.e., extraneous values replaced by the highest score that did not fall outside of the
acceptable range; Dixon, 1960; see Appendix D). Similar screening of RT difference scores and
questionnaire data revealed no further outliers.
5.4 Analytic Strategy. Primary analyses examined whether the effects of reward on
accuracy and RT varied as a function of reward sensitivity (i.e., Reward-Responsiveness and
Positive Anticipation). Based on Tarullo et al. (2018), a multivariate approach was used with
separate repeated-measures analyses of variance (ANOVAs) and covariance (ANCOVAs).
Preliminary ANOVAs first examined whether reward-based change in accuracy (i.e., RCI) or RT
(i.e., difference score) varied as a function of age, sex, or protocol order (i.e., counterbalancing
group); for parsimony, only main effects and interactions involving these variables of interest
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(i.e., age, sex, protocol order) were examined. Next, a series of repeated-measures ANCOVAs
was conducted with temperament measures (i.e., reward sensitivity) as co-variates; follow-up
correlational analyses assessed whether individual differences in reward sensitivity were
associated with reward-based change in response accuracy or RT. One-sample t-tests were also
used to determine whether changes accuracy or RT were different from zero, with significant
increases indicating that reward enhanced performance or slowed RT, respectively. As some
questionnaire and RT values were missing in a non-random manner, multiple imputation (SPSS
21) was used to create five data sets with complete data. Although SPSS does not provide pooled
results for several of the primary analyses (e.g., ANCOVAs), these imputed data were used in
follow-up analyses (e.g., correlations, t-tests) to corroborate the main findings.
Secondary analyses considered changes in accuracy and RT as a function of task
duration. To this end, response accuracy and mean RT were calculated for the first and last four
trials (i.e., “Trial Block”) of all four conditions (Diamond & Taylor, 1996; Gerstadt et al., 1994;
Wolfe & Bell, 2004); ANOVAs examined whether children’s accuracy or RT varied as a
function of Trial Block (i.e., main effect or interactions). Next, exploratory ANCOVAs with
children’s reward sensitivity (i.e., Reward-Responsiveness, Positive Anticipation) as covariates
examined whether temperament would moderate potential task duration effects; although
temperament-based moderation effects were not anticipated.
Secondary analyses also examined associations between children’s response accuracy
and RT. As per Gerstadt et al. (1994), Pearson’s correlations examined whether children with
higher accuracies also exhibited slower corresponding RTs for each of the four
conditions/phases; consistent with prior work, RTs were aggregated amongst both correct and
incorrect responses for these analyses. To determine whether children exhibited post-error
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slowing, ANOVAs then contrasted children’s RTs on correct answers following an incorrect
response (i.e., “post-error”) to RTs for correct answers following a correct response (i.e., “postsuccess”) within the rewarded and non-rewarded Stroop conditions. These within-subjects, trialby-trial analyses further tested the notion that children slow their responses to enhance accuracy.
Consistent with prior work (Gerstadt et al., 1994; Jones et al., 2003), these secondary analyses
examined raw accuracy scores rather than RCI. For these analyses, greater accuracy was
expected to be associated with slower RTs, and children were hypothesized to respond more
slowly during post-error trials than post-success trials, especially under rewarded conditions.
Chapter 3: Results
1. Preliminary Analyses
1.1 Counterbalancing.
1.1.1 Age and Temperament. A series of 2 (reward condition order: rewarded vs. nonrewarded condition first) × 2 (task order: DN vs. BS task first) between-subjects ANOVAs
confirmed that the four counterbalancing groups (i.e., protocol order assignments) did not vary as
a function of reward sensitivity (i.e., Reward-Responsiveness, Positive Anticipation) or age
[reward condition order on Reward-Responsiveness: F(1, 84) = 1.14; p = .29; Reward Condition
Order × Task Order on Positive Anticipation: F(1, 84) = 2.12, p = .15; all other Fs < 1].
Descriptive data for the counterbalancing groups are provided in Table 3.1.
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Table 3.1
Demographic Data by Counterbalancing Group.

4.53 (0.52)

RewardResponsiveness
6.04 (0.74)

Positive
Anticipation
4.98 (0.61)

4.55 (0.51)

6.01 (0.70)

5.19 (0.70)

First Item

N

# Girls

Age

Non-Rewarded DN

20

11

Non-Rewarded BS

25

10

Rewarded DN
24
12
4.59 (0.47)
6.11 (0.56)
5.27 (0.51)
Rewarded BS
19
6
4.58 (0.47)
6.23 (0.49)
5.10 (0.62)
Note. Age is reported in years. M(SD) is provided for age and temperament scores. RewardResponsiveness and Positive Anticipation scores are derived from the Behavioral Activation System
(Blair, 2003; Carver & White, 1994) and Children’s Behavior Questionnaire (Rothbart et al., 2001),
respectively. BS = Big/Small; DN = Day/Night.

1.1.2 Response Accuracy. Accuracy data for the counterbalancing groups are provided in
Table 3.2 A 2 (reward condition order) × 2 (task order) × 2 (phase: Stroop vs. non-Stroop)
repeated-measures ANOVA on children’s RCI examined if reward-based change in response
accuracy varied as a function of counterbalancing group. There were no significant main effects
of reward condition order [F(1, 84) = 2.17, p = .14] or task order [F(1, 84) = 3.71, p = .06], or
two-way interactions among these variables [Task Order × Phase: F(1, 84) = 3.90, p = .052; Task
Order × Reward Condition Order: F(1, 84) = 1.77, p = .19; Reward Condition Order × Phase: F
< 1)]. Although there was a significant Reward Condition Order × Task Order × Phase
interaction [F(1, 84) = 4.52, p = .04, ηp2 = .05], post-hoc comparisons were not significant
following correction for familywise Type I error rate (Holm-Bonferroni; Holm, 1979; α = .05).
Counterbalancing group variables were therefore excluded from response accuracy analyses.
Table 3.2
RCI by Counterbalancing Group
First Item
Non-Rewarded DN

n
20

Non-Stroop RCI (%)
0.02 (.09)

Stroop RCI (%)
0.07 (0.22)

Non-Rewarded BS

25

0.03 (0.09)

0.08 (0.15)

Rewarded DN

24

-0.00 (0.07)

-0.05 (0.19)

Rewarded BS
19
-0.01 (0.07)
0.12 (0.24)
Note. M(SD) is provided for RCI difference scores (% change). Positive values represent reward-based
increases in accuracy. RCI = Relative Change Index; BS = Big/Small; DN = Day/Night.
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1.1.3 Response Time. A 2 (reward condition order) × 2 (task order) × 2 (phase) repeatedmeasures ANOVA on RT difference scores examined if children’s reward-based change in RT
varied as a function of counterbalancing group. There were no significant main effects of reward
condition order [F(1, 74) = 3.53, p = .06], or task order (Fs < 1), and no significant three-way
interaction among these variables [F(1, 74) = 1.86, p = .18]. There was, however, a significant
Reward Condition Order × Task Order interaction, F(1, 74) = 12.10, p < .001, ηp2 = .14. Followup comparisons using a Holm-Bonferroni correction (Holm, 1979; α = .05) revealed that children
who completed the rewarded BS task first had lower RT difference scores than those who
completed either the non-rewarded BS [t(36) = -4.26, p < .001, d = 1.38] or the rewarded DN
[t(37) = -2.95, p = .006, d = .96] task first. As can be seen in Table 3.3, children who first
completed the rewarded BS task had negative RT difference scores, indicating that they
responded more quickly during the rewarded condition. RT difference scores for all other
groups, however, were in the hypothesized (positive) direction, indicating slower RTs during the
rewarded condition. As detailed in the discussion, this pattern was unexpected and potentially
spurious. For parsimony, main RT analyses excluded counterbalancing group variables, though
follow-up analyses added them as between-subjects factors.
Table 3.3
Response Time Difference Scores by Counterbalancing Group

18

Non-Stroop RT
Difference Score
0.07(.43)

Stroop RT
Difference Score
0.02 (1.01)

Overall RT
Difference Score
0.05(0.65)

Non-Rewarded BS

21

0.37 (0.38)

0.46 (0.83)

0.41(0.45)

Rewarded DN

22

0.18 (0.57)

0.29 (0.67)

0.23(0.50)

First Item

n

Non-Rewarded DN

Rewarded BS
17
-0.10 (0.50)
-0.35 (0.68)
-0.23(0.47)
Note. M(SD) is provided for response time (RT) difference scores. Positive values represent rewardbased increases in RT. Both Non-Stroop and Stroop values are presented for informational purposes.
Scores for overall RT difference score are collapsed across task phase. BS = Big/Small; DN = Day/Night.
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1.2 Age and Sex.
1.2.1 Response Accuracy. A 2 (phase) × 2 (sex) repeated-measures ANOVA on
children’s RCI revealed no main effect or interaction involving sex (Fs < 1). A separate two-way
ANCOVA on children’s Stroop and non-Stroop RCI (covariate: age) found no significant main
effects of age, and no Age × Phase interaction (Fs < 1)6. Age and sex were therefore excluded
from subsequent response accuracy analyses.
1.2.2 Response Time. A 2 (phase) × 2 (sex) multivariate ANOVA on children’s RT
difference scores revealed no main effects or interaction involving sex (Fs < 1). A separate oneway ANCOVA on children’s Stroop and non-Stroop RT difference scores (covariate: age) found
no significant main effect of age [F(1, 76) = 1.60, p = .21] or Age × Phase interaction [F(1, 76) =
1.69, p = .20]7. Age and sex were therefore excluded from subsequent RT analyses.
2. Primary Analyses
Descriptive statistics for all measures used in primary analyses are provided in Table 3.4.
2.1 Response Accuracy.
2.1.1 BAS Reward-Responsiveness. A repeated-measures ANCOVA of RCI with phase
as a within-subjects factor and Reward-Responsiveness as a covariate revealed significant main
effects of phase [F(1, 86) = 9.05, p = .003, ηp2 = .10] and Reward-Responsiveness [F(1, 86) =
9.11, p = .003, ηp2 = .10]. These were superseded by a significant Phase × RewardResponsiveness interaction, F(1, 86) = 8.00, p = .006, ηp2 = .09. Pearson’s correlations indicated
that Reward-Responsiveness was negatively correlated with Stroop RCI [r(86) = -.32, p = .002],

6

There were no main effects of age or sex, or interactions involving these variables, when
analyzed concurrently (Fs < 1).
7
There were no main effects of age [F(1, 75) = 1.72, p = .19] or sex, or interactions involving
these variables, when analyzed concurrently (Phase × Age: F(1, 75) = 1.57, p = .21; all other Fs
< 1).
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Table 3.4
Descriptive Statistics for Primary Analyses
Measure
Age in Years
Temperament
*Reward-Responsiveness
*Positive Anticipation
Accuracy (%)
Non-Rewarded Non-Stroop
Rewarded Non-Stroop
*Non-Stroop RCI
Non-Rewarded Stroop
Rewarded Stroop
*Stroop RCI
Raw Response Time (s)
Non-Rewarded Non-Stroop
Rewarded Non-Stroop
Non-Rewarded Stroop
Rewarded Stroop
Standardized Response Time (z)
Non-Rewarded Non-Stroop
Rewarded Non-Stroop
*Non-Stroop Difference Score
Non-Rewarded Stroop
Rewarded Stroop
*Stroop Difference Score

M
4.56

Min
3.65

Max
5.37

SD
0.48

N
88

6.09
5.15

4.40
3.54

7.00
6.54

0.63
0.61

88
88

95.78
96.34
0.94
87.72
89.97
5.13

79.00
79.00
-15.05
50.00
64.00
-36.00

100
100
26.58
100
100
72.00

5.47
5.41
8.51
12.84
9.80
21.02

88
88
88
88
88
88

1.05
1.14
1.54
1.69

0.58
0.66
0.69
0.50

2.37
2.39
3.07
4.39

0.30
0.32
0.42
0.60

78
78
78
78

-0.48

-1.11

0.58

0.31

78

-0.32
0.14
0.42
0.55
0.13

-0.96
-1.11
-0.77
-1.00
-2.15

0.67
1.35
1.37
1.63
1.86

0.38
0.50
0.49
0.47
0.84

78
78
78
78
78

Note. Possible scores on temperament scales range from 1 – 7. Kurtosis (Reward-Responsiveness = 0.02;
Positive Anticipation = 0.03) and skewness (Reward-Responsiveness = -0.61; Positive Anticipation = -0.13)
for temperament measures were well within the acceptable range. RCI = Relative Change Index = [(rewarded
– non-rewarded)/non-rewarded] × 100%. Response times are reported for correct responses only; response
time difference score = rewarded – non-rewarded. * = measure of interest.

but not non-Stroop RCI [r(86) = -.07, p = .51; see Figure 3.1]. Thus, as Reward-Responsiveness
increased, the magnitude of reward-based change in Stroop accuracy became smaller or more
negative. Analysis of imputed questionnaire data yielded the same pattern, r(86) = -.33, p = .002.
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Stroop RCI (% change)
Non-Stroop RCI (% change)

r = -.32**

r = -.07

BAS Reward-Responsiveness
Figure 3.1. Behavioral Activation System (BAS) Reward-Responsiveness and Stroop (top)
and non-Stroop (bottom) relative change index (RCI). Some scores are obscured by
overlapping values. Both task phases are plotted for informational purposes. Possible
Reward-Responsiveness scores range from 1-7. Significant correlations are indicated.
** p ≤ .01.
Further, follow-up one-sample t-tests revealed that only the Stroop RCI was significantly greater
than zero, t(87) = 2.29, p = .02, d = .23 [non-Stroop phase: t(87) = 1.03, p = .30; see Figure 3.2].
In other words, rewards improved Stroop, but not non-Stroop accuracy.
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RCI (% change)

10

*

8
6
4
2
0
Non-Stroop

Stroop

Figure 3.2. Relative change index (RCI) by task phase. Positive values indicate rewardbased increases in accuracy. Error bars represent ± 1 standard error. Significant differences
from zero are indicated. *p ≤ .05

2.1.2 CBQ Positive Anticipation. A repeated-measures ANCOVA of RCI with phase as a
within-subjects factor and Positive Anticipation as a covariate revealed a similar pattern. There
was a significant main effect of phase [F(1, 86) = 10.82, p = .001, ηp2 =.11] and Positive
Anticipation [F(1, 86) = 6.71, p = .01, ηp2 = .07]. Critically, there was Phase × Positive
Anticipation interaction, F(1, 86) = 9.50, p = .003, ηp2 = .10, with Positive Anticipation
negatively correlating with Stroop RCI [r(86) = -.31, p = .003], but not non-Stroop RCI [r(86) =
.02, p = .88; see Figure 3.3]. As in the corresponding analyses of Reward-Responsiveness, the
effects of reward on Stroop accuracy became more negative as Positive Anticipation increased.
These patterns remained when analyzing imputed questionnaire data, r(86) = -.31, p = .003.
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Stroop RCI (% change)
Non-Stroop RCI (% change)

r = -.31**

r = .02

CBQ Positive Anticipation
Figure 3.3. Children’s Behavior Questionnaire (CBQ) Positive Anticipation and Stroop (top)
and non-Stroop (bottom) relative change index (RCI). Some scores are obscured by
overlapping values. Both task phases are plotted for informational purposes. Possible Positive
Anticipation scores range from 1-7. Significant correlations are indicated. ** p ≤ .01.
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2.2 Response Time. A repeated-measures ANCOVA of RT difference scores with phase
as a within-subjects factor and Reward-Responsiveness as a covariate found no significant main
effects or interactions involving phase or Reward-Responsiveness (Fs < 1). A separate repeatedmeasures ANCOVA also revealed no main effects or interactions involving phase or Positive
Anticipation (Fs < 1). Follow-up ANCOVAs with counterbalancing order (reward condition
order and task order) as additional between-subjects factors did not impact these findings.
Planned analyses examined whether rewards affected RTs, regardless of child
temperament. As no analysis found an effect of task phase, Stroop and non-Stroop RT difference
scores were aggregated and examined concurrently. A one-sample t-test indicated that, overall,
RT difference scores (M = 0.14, SD = 0.56) were significantly greater than zero, indicating that
rewards significantly increased RT, [t(77) = 2.17, p = .03, d = 0.26], and separate analysis of
imputed RT data yielded the same pattern, t(77) = 2.78, p = .006, d = 0.32. However, as
preliminary analyses indicated that children who completed the rewarded BS task first differed
from two of the three remaining counterbalancing groups, additional one-sample t-tests
examined this group separately. While RT difference scores for children who completed the
rewarded BS task first did not significantly differ from zero, t(16) = -2.01, p = .06, the remaining
sample exhibited significant increases in RT as a function of reward, t(65) = 3.88, p < .001, d =
.48 (see Figure 3.4).
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Combined

RT Difference Score (Standardized)

0.4

Rewarded
BS First

All Others
***

*

0.2

0

-0.2

-0.4
Figure 3.4. RT difference score by protocol order. Positive values indicate that children
responded more slowly during the rewarded condition. Error bars represent ± 1 standard error.
Significant differences from zero are indicated. *p ≤ .05, *** p ≤ .001. BS = Big/Small.
3. Secondary Analyses
3.1 Stability of Accuracy and RT. Prior work has suggested that children’s Stroop
performance deteriorates over the course of the task, as children respond less accurately and
more quickly across trials (e.g., Diamond & Taylor, 1996; Gerstadt et al., 1994). Secondary
analyses therefore examined whether similar patterns are present when children are provided
with neutral (non-rewarded) and reward-related feedback. The average percent correct and
average standardized RT were calculated for the first and last four test trials of each
phase/condition (Gerstadt et al., 1994); consistent with this prior work, RT calculations included
RTs for both correct and incorrect responses. These data are provided in Table 3.5.
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Table 3.5
Descriptive Statistics for Accuracy and Response Time by Trial Block
Measure
Accuracy (%) on First Four Trials
Non-Rewarded Non-Stroop
Rewarded Non-Stroop
Non-Rewarded Stroop
Rewarded Stroop
Accuracy (%) on Last Four Trials
Non-Rewarded Non-Stroop
Rewarded Non-Stroop
Non-Rewarded Stroop
Rewarded Stroop
Standardized Response Time (z) on
First Four Trials
Non-Rewarded Non-Stroop
Rewarded Non-Stroop
Non-Rewarded Stroop
Rewarded Stroop
Standardized Response Time (z) on
Last Four Trials
Non-Rewarded Non-Stroop
Rewarded Non-Stroop
Non-Rewarded Stroop
Rewarded Stroop

M

Min

Max

SD

N

93.18
94.32
87.22
91.48

75.00
50.00
25.00
25.00

100.00
100.00
100.00
100.00

11.20
11.20
18.18
15.58

88
88
88
88

94.89
97.73
86.65
89.20

50.00
50.00
0.00
0.00

100.00
100.00
100.00
100.00

12.08
8.16
25.41
20.34

88
88
88
88

-0.45
-0.31
0.27
0.37

-1.23
-1.32
-1.10
-1.35

2.36
1.17
2.21
1.63

0.55
0.55
0.64
0.59

78
78
78
78

-0.55
-0.32
0.34
0.48

-1.31
-1.17
-1.41
-1.43

1.03
1.23
1.72
2.39

0.42
0.53
0.64
0.75

78
78
78
78

A 2 (phase) × 2 (reward condition) × 2 (trial block; i.e., first vs. last four trials)
repeated-measures ANOVA on response accuracy did not find a significant main effect (F < 1)
or any significant interactions involving trial block [Phase × Trial Block: F(1, 87) = 2.81, p =
.10; all other interactions: Fs < 1]. Consistent with our main analyses, however, there was a
significant main effect of reward, F(1, 87) = 27.81, p < .001, with children responding
significantly more accurately during rewarded conditions; the main effect of Phase [F(1, 87) =
3.40, p = .07] and Phase × Reward Interaction (F < 1) were non-significant.8 Similarly, a 2

8

Separate exploratory 2 (Phase) × 2 (Reward Condition) × 2 (Trial Block) ANCOVAs
(covariates: Reward-Responsiveness and Positive Anticipation) yielded no significant
interactions among Trial Block and temperament (ps ≥ .13) on response accuracy.
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(phase) × 2 (reward condition) × 2 (trial block) repeated-measures ANOVA on children’s
standardized RTs did not indicate a main effect of trial block (F < 1) or any significant
interactions involving trial block [Reward × Trial Block: F(1, 77) = 2.78, p = .10; all other Fs <
1)—thus, children exhibited similar accuracy and RT during the beginning and end of these
tasks. However, these analyses did reveal significant main effects of Reward [F(1, 77) = 4.61, p
= .04] and Phase [F(1, 77) = 207.55, p < .001], with children responding significantly more
slowly during rewarded conditions and during the Stroop phase, though there was no significant
Phase × Reward interaction (F < 1).9
3.2 Accuracy and RT Associations. As per Gerstadt et al. (1994), Pearson’s correlations
examined whether children’s accuracy was associated with their RTs. With the exception of
rewarded Stroop performance, greater accuracy was associated with slower raw RTs (see Table
3.6). In general, raw RTs were more closely associated with accuracy than standardized RTs
(i.e., between-subjects differences in RT predicted between-subjects differences in accuracy).
The null association between accuracy and raw RT for the rewarded Stroop phase may be due to
overall slower RTs throughout this task condition; a one-way repeated-measures ANOVA
contrasting RT on all four task conditions/phases found a significant main effect, F(3, 74) =
67.197, p < .001, ηp2 = .73. Follow-up t-tests confirmed that children responded significantly
slower during the rewarded Stroop phase than any other task condition/phase (ts = 2.56 – 9.55;
ps ≤ .01). Thus, slower RTs throughout this condition/phase may have masked potential
associations among accuracy and RT.

9

Separate exploratory 2 (Phase) × 2 (Reward Condition) × 2 (Trial Block) ANCOVAs
(covariates: Reward-Responsiveness and Positive Anticipation) yielded no significant
interactions among Trial Block and temperament (ps ≥ .07) on RT.
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Table 3.6.
Correlations Among Response Accuracy and RT
Non-Rewarded
Non-Stroop

Rewarded
Non-Stroop

Non-Rewarded
Stroop

Rewarded
Stroop

Raw RT

.47***

.25*

.35**

.13

Standardized RT

.20

-.03

.33**

.15

Note. n = 78; ***p ≤ .001; **p ≤ .01; *p ≤ .05.

3.3 Post-error Slowing. Previous research has also demonstrated that young children
exhibit post-error slowing (i.e., slower RTs following incorrect responses) on IC tasks (Jones et
al., 2003). As this prior work did not exclude participants due to insufficient post-error RTs, the
present analyses included all participants with usable RT data for at least one correct response
following an incorrect answer (i.e., “post-error”) and one correct response following another
correct response (i.e., “post-success”) during the Stroop phase of both task conditions (n = 37; 19
girls; Mage = 4.54 years, SD = 0.50); these inclusion criteria allowed for within-subjects analysis
of post-error slowing to account for individual differences in changes in RT (standardized
values). As most children performed at or near ceiling for the non-Stroop phases, these data were
not considered in analyses of post-error slowing. On average, selected participants provided 1.54
non-rewarded post-error trials (SD = 0.69; range = 1 – 3) and 1.43 rewarded post-error trials (SD
= 0.73; range = 1 – 4). Participants provided an average of 8.38 non-rewarded post-success trials
(SD = 2.37; range = 3 – 12) and 8.95 rewarded post-success trials (SD = 1.90; range = 4 – 12). A
2 (reward condition) × 2 (prior response: correct vs. incorrect) repeated-measures ANOVA
revealed a significant main effect of prior response, F(1, 36) = 8.46, p = .006, ηp2 = .19, with
children responding more slowly on post-error than on post-success trials (see Figure 3.5). There
was no significant main effect of reward [F(1, 36) = 1.89, p = .18] or interaction among these
variables (F < 1). Thus, as expected, children responded more slowly following an error, though
this did not vary as a function of reward condition.
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**

Standardized RT (z-score)

1.00
0.80
0.60
0.40
0.20
0.00
Post-Error

Post-Success

Figure 3.5. Response time (RT) by prior response. Positive values indicate slower RTs.
Error bars represent ± 1 standard error. Significant differences are indicated. **p ≤ .01.

Chapter 4: Discussion
To my knowledge, this is the first examination of the moderating influences of
temperament on reward-EF associations during early childhood. In the present study, 3.5- to 5year-old children exhibited increased Stroop accuracy and slower RTs as a function of reward.
Critically, use of a within-subjects design allowed for examination of individual differences in
these effects, and the influence of reward on Stroop accuracy was moderated by children’s
reward sensitivity; specifically, this trait was negatively associated with incentive-based changes
in accuracy. In other words, children with higher reward sensitivity exhibited the smallest
increases in accuracy as a function of reward. As the majority of existing research on the early
integration of motivational and cognitive processes uses different tasks, varying in demands, to
examine EF under rewarded (“hot”) and non-rewarded (“cool”) conditions (e.g., Brock et al.,
2009; Hodel et al., 2015), this dissertation also contributes to a relatively small literature on the
specific influences of reward on early EF. Further, this work expands on these few prior studies
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by using a within-subjects design and providing children with clear performance-reward
contingencies (e.g., Qu et al., 2013; Tarullo et al., 2018), as well as feedback during nonrewarded conditions. The following sections discuss implications and remaining questions
regarding current response accuracy and RT findings.
1. Response Accuracy
Overall, rewards enhanced children’s Stroop, but not non-Stroop, accuracy. These
findings mirror those of prior adult research, demonstrating that small-to-moderate rewards
improve EF (e.g., Braem et al., 2012; Padmala & Pessoa, 2011), though these effects may vary
as a function of cognitive load (e.g., Ariely et al., 2009). Research with both adults and nonhuman animals suggests that rewards may impact performance via modulation of cognitive
“effort;” specifically, rewards may induce an effort-based decision-making process by which an
organism weighs the value of the reward at stake against the amount of cognitive resources
required to obtain them (Treadway et al., 2009; Westbrook et al., 2013; see also Botvinick &
Braver, 2015, for review). In the context of motivation-EF integration, this effort is often
characterized as the deployment of attentional control. For instance, incentives enhance adults’
perceptual sensitivity during a visual-spatial attention task (Engelmann & Pessoa, 2007) and
decrease the influences of distractors on Stroop-like task (Padmala & Pessoa, 2011). Further,
reward-based improvements in response accuracy coincide with increased activation in areas
involved in the control of attention (e.g., anterior cingulate cortex; Engelmann et al., 2009;
Padmala & Pessoa, 2011). This regulation is considered to be “effortful” because it involves the
allocation of limited-capacity attentional resources, which become depleted over time (Muraven
& Baumeister, 2000).
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Thus, in the present study, rewards may have enhanced response accuracy via modulation
of children’s attentional control, which supports functions such as error detection, performance
monitoring, and conflict resolution (Bush et al., 2000; Petersen & Posner, 2012). Though
attentional control was not measured directly in the present study, this hypothesis is partially
supported by reward-based changes in children’s RTs (discussed in further detail below).
Although studies on the effects of reward on early childhood EF have reported mixed results
(Beck et al., 2011; Qu et al., 2013; Tarullo et al., 2018), my findings are most consistent with
extant research demonstrating that reward-related feedback enhances preschoolers’ DCCS
accuracy (Tarullo et al., 2018). However, the present study yielded a smaller effect size (RCI =
5%) than this prior work (RCI = 17%; Tarullo et al., 2018). As this earlier study provided
children with performance feedback only during the rewarded condition, these discrepant effect
sizes suggest that a large proportion of the difference in DCCS accuracy between conditions may
be explained by the effects of feedback, even in the absence of reward.
Alternatively, ceiling effects may have masked a potentially larger effect of reward on
response accuracy. Some research with adults has yielded non-significant findings on the
influences of reward on accuracy due to similar ceiling effects (Jimura et al., 2010), whereas
others have reported large effect sizes (e.g., Padmala & Pessoa, 2011). In the present study,
children had greater accuracy during the non-rewarded Stroop (88%) than reported by earlier
work with this age range that did not provide feedback (e.g., 71% - 78%; Gerstadt et al., 1994).
Other research using evaluative feedback during Stroop performance reported similarly high
accuracies among 3.5- to 5-year-olds (Simpson & Riggs, 2005). It is also possible that verbal
feedback, especially following correct responses, was inherently rewarding, thus enhancing
motivational salience across both conditions. Thus, future developmental work may consider
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using more difficult tasks to account for the facilitative effects of performance feedback. Prior
research has demonstrated that instructing children to respond as quickly as possible increases
demands on IC and thus impairs DN Stroop performance (Bialystok & Senman, 2004), though
this would complicate interpretation of RT data. Alternatively, other Stroop-like tasks have
implemented “mixed” conditions, in which children alternate between congruent and
incongruent trials, to increase task difficulty (Davidson, Amso, Anderson, & Diamond, 2006;
Diamond, Barnett, Thomas, & Munro, 2007; cf. Broomell & Bell, 2017).
Similarly, overall high accuracy as a function of response feedback may have nullified
potential age-related differences. Although the rates at which children achieved ceiling also did
not vary as a function of age (see Appendix D), it is possible that the use of evaluative feedback
was especially beneficial for younger preschoolers, helping them achieve accuracies similar to
those of older children. Further, while age-related improvements in Stroop-like tasks are welldocumented (e.g., Carlson, 2005; Gerstadt et al., 1994), they are not ubiquitous. Some prior
work, including research using similar age ranges as the present study have also found null age
effects (e.g., Montgomery, Anderson, & Uhl, 2008; Tardif, So, & Kaciroti, 2007). These latter
findings have been attributed to a relatively narrow age range (e.g., 3.5-5 years; Montgomery et
al., 2008; see also Montgomery & Koeltzow, 2010, for review). Thus, future work examining
reward-EF associations using a broader age range in combination with more difficult EF
measures may capture meaningful age-related differences in task performance, as well as
developmental variations in the effects of reward on EF.
1.1 Reward-Temperament Interactions: Response Accuracy. In the present study,
use of a within-subjects design not only controlled for individual differences in cognitive control,
but also allowed for the examination of potential moderators of reward-EF associations. Here,
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higher reward sensitivities, as indexed by both BAS Reward-Responsiveness and CBQ Positive
Anticipation, were associated with smaller (or more negative) reward-based changes in Stroop
response accuracy. As expected, children’s scores on these temperament measures were
positively correlated (r = .51); similar patterns amongst these reward sensitivity indices suggest
that they represent overlapping constructs, albeit from different theoretical perspectives. The
present work expands on a limited early childhood literature using these two measures
concurrently (see also Blair et al., 2004; Vervoort et al., 2015) by demonstrating that these
purported measures of reward sensitivity do in fact co-vary with children’s responses to rewards.
However, negative associations between child reward sensitivity and reward-based change in EF
were contrary to my initial expectation that highly reward-sensitive children would exhibit the
greatest increases in performance as a function of reward. Individuals with high reward
sensitivity tend to exhibit strong positive affect in response to rewards and expend more “effort”
(e.g., allocation of attentional resources; Carver & White, 1994) to receive them. In line with this
conceptual definition of reward sensitivity, research with adults and older children (e.g., Braem
et al., 2012; Fröber & Dreisbach, 2014; Jimura et al., 2010; Kohls et al., 2009; Savine et al.,
2010) has demonstrated that this trait positively correlates with both reward-based increases in
EF and activation of cortical areas underlying reward processing and attentional control
(Boksem, Tops, Wester, Meijman, & Lorist, 2006; De Pascalis, Varriale, & D’Antuono, 2010;
Padmala & Pessoa, 2011).
Consistent with prior work using the parent-report BAS and CBQ (e.g., Blair et al., 2004;
Rothbart et al., 2001), preschoolers’ approach scores (Ms = 6.09 and 5.15, respectively) were
considerably higher than those reported by analogous adult measures (e.g., RewardResponsiveness: M = 3.52; Carver & White, 1994). Both the Yerkes-Dodson Law (Yerkes &
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Dodson, 1908) and Pessoa’s (2009) Dual-Competition model posit an inverted U-shaped
function between reward salience (and corresponding arousal) and attentional control, with
excessive arousal orienting attention toward the affective stimulus itself (e.g., rewards) and away
from task-relevant information. Several adult studies manipulating reward magnitude have
documented these impairments in EF as a function of high reward salience (“choking under
pressure;” Ariely et al., 2009; Mobbs et al., 2009; Steel & MacDonnell, 2012). The present
findings may therefore indicate a similar phenomenon: as preschool-aged children generally
have high approach, children with relatively high reward sensitivity may experience over-arousal
as a function of reward. For instance, this hyper-arousal may have directed children’s attention
away from the task rules or stimuli and toward the rewards themselves (Pessoa, 2009). However,
this interpretation is speculative as arousal was not directly measured in the present study (see
section 1.2.2 for discussion). Future work utilizing behavioral and/or physiological measures
(e.g., skin conductance) of arousal may further test these accounts for interactions among reward
and temperament on early EF.
Although the present findings might represent the “right-hand side” of an inverted Ushaped function between reward salience and performance (Pessoa, 2009; Yerkes & Dodson,
1908), this interpretation extends beyond the scope of the collected data and must therefore be
considered with caution, especially given that this high and narrow distribution of reward
sensitivity is well-represented in the early childhood literature (e.g., Blair et al., 2004; Rothbart
et al., 2001). Further, interpreting these data as representing part of a curvilinear association is
unfalsifiable, as these inverted U-shaped functions purportedly explain both reward-based
increases and decreases in performance (see also Dekker & Hollnagel, 2004, for critiques of
these U-shaped models). Thus, alternative accounts for the present findings must be considered
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as well—for instance, these patterns may reflect an actual negative, linear association between
reward sensitivity and reward-based change in early EF. Differential associations among reward
sensitivity and reward-based change in accuracy among young children and adults may be
attributed to the development of top-down executive control of arousal (Blair, 2004), with
reward-sensitive preschoolers having insufficient cognitive control to regulate this rewardinduced activity. Additional research using similar procedures with a broader age distribution
may further elucidate developmental shifts in the contributions of temperament-based individual
differences in the effects of reward on EF. However, further research examining the effects of
reward on performance on a variety of early EF measures (see Tables A1 and A3), is also needed
to examine whether these patterns are consistent across task demands (e.g., IC vs. WM or CF), or
if the observed pattern is specific to child Stroop-like tasks.
1.2 Hypothesized Mediators of Reward-EF Associations: Measurement Limitations.
As discussed previously, motivation is theorized to be the primary mechanism by which rewards
impact behavior or cognitive control (see Botvinick & Braver, 2015, for review). Specifically,
motivation is conceptualized as a series of processes by which organisms approach or avoid
rewards or punishments, respectively (Salamone & Correa, 2002). As in the current dissertation,
many behavioral studies have examined motivation indirectly by assessing behavioral or
cognitive changes in performance as a function of reward (e.g., Savine et al., 2010; Tarullo et al.,
2018). Though neuroimaging techniques (e.g., fMRI) allow for measurement of specific areas
that purportedly underlie motivation and reward processing (e.g., orbitofrontal cortex, nucleus
accumbens; Dubol et al., 2018; O’Doherty, Kringelbach, Rolls, Hornak, & Andrews, 2001),
these methods are difficult to implement with a preschool sample. However, motivation is
postulated to impact performance via increases in in cognitive “effort” (e.g., Randall et al., 2012;
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Westbrook et al., 2013) and arousal (e.g., Ariely et al., 2009; Pessoa, 2009). Although these
constructs were not directly measured in the present study, future work may further elucidate the
mechanisms underlying associations among reward, temperament, and EF by implementing
more targeted measures of these processes.
1.2.1 Cognitive Effort and Attentional Control. In the current project, as well as in
many prior behavioral studies (e.g., Savine et al., 2010; Tarullo et al., 2018; Westbrook et al.,
2013), enhanced accuracy under rewarded conditions is taken as evidence that participants were
motivated to exert additional “effort” to improve performance. Effort-based theories of
motivation have been supported in part by effort discounting paradigms, in which both humans
and rodents will opt to perform more effortful (i.e., more difficult) actions in exchange for
rewards (Randall et al., 2012; Treadway et al., 2009; Westbrook et al., 2013). In the context of
EF, this cognitive effort is often conceptualized as attentional control; the effortful nature of
these processes is evidenced in part by declines in performance on attentional control tasks over
time, as limited cognitive resources are purportedly depleted (Muraven & Baumeister, 2000).
Though this was not the case in the current study (see p. 60 for further discussion), some
developmental research has documented this decline in DN Stroop performance (e.g., Gerstadt et
al., 1994; Wolfe & Bell, 2004). However, attention-based explanations for changes in
performance are somewhat circular; attentional control is hypothesized to mediate reward-based
choice and reward-EF associations, but is also evidenced by these very relationships (Botvinick
& Braver, 2015). Future research in this area may employ more targeted behavioral
measurements of attentional control to examine whether these processes mediate reward-EF
associations during early childhood. For instance, prior work with both young children and
adults has assessed the effects of distractors on both accuracy and RT to examine the filtering of
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task-irrelevant stimuli (e.g., Fan, McCandliss, Sommer, Raz, & Posner, 2002; Rueda et al.,
2004), with rewards reducing these effects in adults (Padmala & Pessoa, 2011).
Many adult studies have also implemented neuroscience techniques to measure biological
correlates of attentional control; for instance, research manipulating reward magnitude has
documented a direct correspondence between reward value and activation of areas underlying
reward processing (e.g., orbitofrontal cortex; O’Doherty et al., 2001; Thut et al., 1997). While
completing cognitive control tasks, incentives increase blood flow to the anterior cingulate
cortex (e.g., Engelmann et al., 2009; Padmala & Pessoa, 2011), which supports both attentional
control (Petersen & Posner, 2012; Posner, Rothbart, Sheese, & Tang, 2007) and reward-based
decision making (Butter, Mishkin, & Rosvold, 1963; Mobini et al., 2002; see also Szczepanski &
Knight, 2014 for review). Similarly, event-related potentials (ERPs) stemming from this area
(e.g., error-related negativity, feedback-related negativity; Agam et al., 2011; Ladouceur, Dahl,
Birmaher, Axelson, & Ryan, 2006) exhibit increased amplitudes under motivational conditions
(Martín, Manes, Hurtado, Isla, & Ibañez, 2010), and this effect is enhanced for individuals with
high reward sensitivity (e.g., Boksem et al., 2006). As these ERP correlates of performance
monitoring may be elicited in children as young as 4 years old (Brooker & Buss, 2014a, 2014b;
Torpey, Hajcak, & Klein, 2009), future early childhood work may examine whether rewardbased increases in accuracy and/or RT coincide with changes in these components.
Implementation of these proposed measures may provide corroborating evidence for the
attentional nature of reward-EF associations during early childhood.
1.2.2 Arousal. Similarly, this dissertation did not include a direct measurement of
arousal. The present study found a negative association between reward sensitivity and rewardbased change in Stroop accuracy. Based on prior adult work (Ariely et al., 2009; Mobbs et al.,
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2009), I interpret these data to indicate that rewards induced over-arousal in children with high
reward sensitivity, impairing performance. However, several prominent models of motivation,
posit that arousal mediates an inverted U-shaped association between incentives and cognition
(Pessoa, 2009; Yerkes & Dodson, 1908). As these theories suggest that arousal accounts for both
reward-based increases and decreases in performance, arousal-based accounts for these effects
cannot be falsified in the current study.
Rather than inferring changes in arousal based on response accuracy, this may be directly
tested using multiple measures, such as coding for children’s vocalizations, facial expressions
(e.g., smiling), and activity level (Gagne, Van Hulle, Aksan, Essex, & Goldsmith, 2011;
Scrimgeour, Davis, & Buss, 2016). There is also a myriad of psychophysiological measures of
arousal that may be implemented with young children, including heart activity (e.g., vagal tone;
Blair et al., 2004), and skin conductance (e.g., Gao, Raine, Venables, Dawson, & Mednick,
2010). This latter measure may be especially informative in the context of the current study
procedures, as the time course allows for examination of trial-by-trial sympathetic arousal. For
instance, work with adults has demonstrated that anticipatory skin conductance predicted the
accuracy of a subsequent response on an affective decision-making task (Bechara et al., 1994).
Future developmental research may therefore examine whether measures of reward sensitivity
coincide with changes in skin conductance across reward conditions, or trial-by-trial changes in
arousal over the course of the study protocol. Thus, although the present study did not directly
examine the roles of attentional control or arousal in reward-EF associations, these may be
assessed in future work by a myriad of possible measures; the proposed future directions detailed
above can make significant contributions to our understanding of motivation-cognition
integration during early development.
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2. Response Time
In the present study, use of a within-subjects design and standardized values (i.e., zscores) controlled for individual differences in RT. As in prior work (Tarullo et al., 2018),
primary examinations of RT difference scores revealed that children responded more slowly
during the rewarded condition than the non-rewarded condition. However, this was equivalent
across task phases, indicating that the effects of reward do not vary as a function of conflict.
Improved RCI and slower RTs during rewarded conditions may together indicate a speedaccuracy tradeoff, a phenomenon that is well-documented within the early childhood and adult
literatures (e.g., Fröber & Dreisbach, 2014; Gerstadt et al., 1994; Tarullo et al., 2018) and may
implicate attentional control (e.g., performance monitoring; Petersen & Posner, 2012) in the
present findings. As per Simpson and Riggs’ (2007) transient activation account, longer RTs
may allow representations of prepotent reactions to fade or weaken prior to a measurable
behavioral response, thus making slowed RTs especially beneficial for IC (see also Simpson et
al., 2012). Though the present study was unable to directly assess whether slower RTs increased
accuracy, a series of between- and within-subjects secondary analyses examined these speedaccuracy tradeoffs from a variety of perspectives; in conjunction with the primary assessments
detailed above, these follow-up analyses provided a more holistic understanding of associations
among RT and accuracy.
For instance, secondary between-subjects analyses examining individual differences in
raw RTs (as compared to difference scores) also provide evidence for these speed-accuracy
tradeoffs; specifically, children with higher response accuracy had slower RT across most task
phases and conditions (i.e., non-rewarded Stroop and non-Stroop, rewarded non-Stroop; rs = .25
- .47). However, this association was not significant for the rewarded Stroop phase, though this
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may have been masked by overall slow RTs throughout this phase/condition. This interpretation
was partially supported by secondary within-subjects analyses, demonstrating that children
responded more slowly during the rewarded Stroop than any other task phase/condition. In
addition to having slower RTs under rewarded conditions (regardless of phase), children also
responded more slowly during the Stroop phase (as compared to the non-Stroop phase) across
reward conditions. These latter findings are consistent with research showing that increased
conflict also slows RT in adults (e.g., Braem et al., 2012). Thus, children may have taken a
slower, more cautious approach to both maximize rewards and account for this increased
difficulty—this general “slowing down” may have masked the potential differences in RT among
children with varying levels of accuracy that were examined in the aforementioned betweensubjects analyses.
To further assess attentional-control based accounts for the effects of reward on EF,
within-subjects analyses of raw RTs also examined post-error slowing. Consistent with prior
developmental work (Jones et al., 2003), children also exhibited slower RTs following an
incorrect response, though this did not vary as a function of reward condition. While the primary
results on RT difference scores indicated that attentional control may mediate early reward-EF
associations (e.g., Petersen & Posner, 2012), these latter findings suggest that reward may
influence more general performance monitoring, rather than having more specific implications
for error detection. Further, interpretation of these data is hindered by a small sample size (N =
37), as relatively few children in the present study had sufficient post-error data for analysis; as
mentioned previously, this can be addressed in future work by implementing more difficult tasks
to increase children’s errors, and thus post-error responses. Regardless, these within-subject,
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trial-by-trial analyses of post-error slowing corroborate the notion that children slow their
responses to enhance accuracy, providing valuable context to the present findings.
As expected, further secondary analyses also demonstrated that children exhibited
relatively comparable RT and accuracy during first and last four trials of each task
phase/condition. Prior research, however, has documented lower accuracy and faster RTs during
the final four trials of the DN Stroop (e.g., Wolfe & Bell, 2004), which some have taken as
evidence of children “forgetting” the task rules over time, or a decline in attentional control (e.g.,
Diamond & Taylor, 1996; Gerstadt et al., 1994; cf. Deák & Narasimbaum, 2003). These
discrepant findings are likely due to the use of feedback across all reward conditions in the
present study, as this may have reminded the children of the rules and facilitated performance
monitoring throughout the protocol.
2.1 Reward and Temperament: Response Time. The present study found no
associations among reward-based changes in children’s RTs and reward sensitivity. This is
inconsistent with extant adult research demonstrating that reward-sensitive individuals exhibit
larger reward-based decreases in RT (e.g., Jimura et al., 2010; Savine et al., 2010). However,
these discrepancies are likely methodological in nature. To account for accurate performance,
adults are often instructed to provide answers within a brief time limit. However, consistent with
most early childhood Stroop protocols (see Montgomery & Koeltzow, 2010, for review),
children in the present study were allowed to respond at their own pace. For this reason, I did not
hypothesize interactions among reward and temperament on children’s RTs. Whereas rewardsensitive individuals tend to exert more effort or attentional resources to receive incentives (e.g.,
Carver & White, 1994), some of these children may have exhibited slower RTs to obtain the
rewards. Conversely, rewards induce higher levels of arousal in individuals high in this trait
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(Carver & White, 1994), which is associated with faster RTs (Petersen & Posner, 2012). It is
possible that both of these patterns occurred within the present study, essentially negating
potentially meaningful associations among reward sensitivity and RT. Future research using
physiological measures of attentional control (e.g., error-related negativity; Brooker & Buss,
2014a, 2014b) and arousal (e.g., skin conductance; Gao et al., 2010) may provide further insight
on how these processes mediate reward-based change in children’s RT. For instance, children
who exhibit stronger psychophysiological indices of performance monitoring may also exhibit
slower RTs.
2.2 Methodological Contributions: Precise Measurement of Response Time. Many
developmental Stroop studies, particularly those with large sample sizes, calculate children’s
RTs by determining the total duration of the task (i.e., cumulative RT; see also Montgomery &
Koeltzow, 2010, for review). As most Stroop tasks are non-computerized, this is a relatively
efficient way to calculate RT. However, this method may not be sensitive enough to detect small
individual differences or changes in RT across experimental conditions (Simpson & Riggs,
2006). For instance, prior research on the DN Stroop found no effects of reward expectation on
children’s cumulative RTs (Qu et al., 2013). To calculate RTs more accurately, we used
computer software to determine children’s response latencies for each individual trial. The
present study therefore introduces a relatively novel coding method that may be implemented in
future work, or facilitate secondary, more precise analyses of data that had previously been used
to examine cumulative RT.
3. Remaining Theoretical Questions
3.1 Do Punishments and Rewards Have Similar Effects on EF? Prior adult work
suggests that a) approach and avoidance are supported by dissociable neural networks (Carver &
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White, 1994), and b) that appealing and aversive stimuli have differential effects on cognitive
control (Gray, Braver, & Raichle, 2002). On the contrary, multiple studies have found that smallto-moderate rewards and punishments enhance adults’ EF (e.g., Bagurdes, Mesulam, Gitelman,
Weintraub, & Small, 2008; Engelmann et al., 2009). These punishment-based improvements are
especially prevalent for individuals with high punishment sensitivity, as measured by Carver and
White’s (1994) Behavioral Inhibition System (BIS; Braem et al., 2013; Savine et al., 2010).
These findings suggest that punishments and rewards contribute to a “generalized motivational
drive” that results in enhanced cognitive control (Savine et al., 2010, p. 351).
As in the adult literature (e.g., Braem et al., 2013; De Pascalis et al., 2010; Savine et al.,
2010), many developmental studies have examined punishment in terms of rewards lost (e.g.,
Kerr & Zelazo, 2004; van Meel, Heslenfeld, Oosterlaan, Luman, & Sergeant, 2011). Work with
older children has demonstrated that these losses elicit both greater behavioral change and
stronger physiological indices of error monitoring than gains, especially for children with greater
punishment sensitivity (Ding et al., 2017; van Meel et al., 2011). The question remains whether
similar patterns exist in younger children, especially given age differences in approach (Blair et
al., 2004; Carver & White, 1994). However, unlike the BAS scales, parent-report versions of the
BIS (i.e., avoidance motivation) tend to yield evenly distributed scores that more closely mirror
those of adults (Blair et al., 2004). Thus, punishment and punishment sensitivity may have
similar interactions across these age groups. Alternatively, prior work with 4- to 6-year-olds
found that children with high BIS punishment sensitivity performed more poorly on an EF
battery following a mild stressor (Neuenschwander et al., 2015), indicating a potentially negative
association among punishment sensitivity and punishment-based change in early childhood EF.
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3.2 What Other Factors May Moderate Reward-EF Associations? The present study
provides the earliest evidence that reward sensitivity moderates associations among reward and
EF during early childhood. Temperament was a primary focus of this dissertation given prior
evidence that the effects of reward on adult EF vary with individual differences in approach (e.g.,
Braem et al., 2012; Fröber & Dreisbach, 2014). Examinations of reward sensitivity have largely
documented linear associations between reward salience and performance (e.g., Padmala &
Pessoa, 2011), albeit in the opposite direction as the present study. However, adult work
modulating the value of the rewards at stake has provided some support for curvilinear rewardEF associations, with high reward salience (i.e., large rewards) impairing adult performance
(Ariely et al., 2009; Mobbs et al., 2009). Similar manipulations may therefore provide further
insight on the nature of reward-EF associations during early childhood. For instance, future work
can vary how many rewards children receive per correct response; increasing reward salience
may exaggerate the slopes of the negative reward-EF associations documented in the present
study.
Other factors may also be informative in further elucidating reward-EF associations
during early childhood. For example, numerous studies have demonstrated that parents are key
contributors to children’s cognitive control through a combination of biological and
environmental factors (e.g., parents’ EF; parenting characteristics; Cuevas et al., 2014; Kao,
Nayak, Doan, & Tarullo, 2018). For instance, harsh parenting is associated with poorer EF, but
also exaggerated neurological indices of error monitoring (Brooker & Buss, 2014a). Critically,
recent research has also demonstrated that harsh parenting during early childhood is associated
with diminished neural representations of reward by late childhood (Kopala-Sibley et al., 2020).
Socio-economic status (SES) is also a major predictor of children’s EF; low SES is associated
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with poor cognitive control, in part due to early modulations of neural circuitry via stress
hormones (see Blair, 2010, for review). Early experiences with poverty have been also linked to
behavioral and neurological impairment in reward processing (Dennison et al., 2019). Critically,
associations among parenting, poverty, and young children’s behavioral/emotional outcomes is
moderated by child temperament (e.g., Chen, Deater-Deckard, & Bell, 2014).
When incentives are offered in exchange for good performance, both parenting and SES
may shape children’s beliefs about whether they will receive rewards as promised (Dennison et
al., 2019). Children who perceive their environments as “unreliable” are less likely to put forth
the effort to receive the rewards, which may have cascading impacts on other developmental
outcomes that are reliant on EF (Kidd et al., 2013). On an anecdotal note, one participant in the
present study stated that she did not believe she would actually receive her stickers at the end of
the protocol. Although this was the only child who verbalized this concern, it is possible that
individual differences in such beliefs contributed to variability in reward-EF associations in the
current study, as well as in related works. Thus, future research may also consider children’s
perceptions of the reliability of performance-reward contingencies in moderating the influences
of incentives on EF. This may be examined via parenting and/or SES, or more directly through
manipulations of the reliability of the testing environment (as per Kidd et al., 2013). Reward
expectation may also be examined at the psychophysiological level—for instance, ERP work has
demonstrated that unpredicted reward outcomes elicit strengthened feedback-related negativity
amplitude (Hajcak, Moser, Holroyd, & Simons, 2007). As in this adult work (Hajcak et al.,
2007), self-reports of reward predictions may further supplement these proposed behavioral
and/or physiological indices. Consideration of these measures may therefore provide further
insight on factors that moderate reward-EF associations during early childhood.
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3.3 Do Extrinsic Rewards Undermine Intrinsic Motivation? A common concern
surrounding incentivizing good performance is that extrinsic rewards may undermine intrinsic
motivation (i.e., striving for good performance out of task enjoyment or interest; Ryan & Deci,
2000). For instance, children are less likely to spontaneously complete puzzles (Lepper &
Greene, 1975) or read (Marinak & Gambrell, 2008) under unrewarded conditions after having
previously been rewarded for these actions; extensive work with adults has yielded similar
findings (see Deci, Koestner, & Ryan, 1999, for review). On the other hand, some work has
demonstrated the opposite effect—when choosing to engage in either a previously rewarded or
unrewarded activity, children opt for the former (e.g., Davidson & Bucher, 1978). These findings
may suggest that, in some contexts (e.g., if children already enjoy the task), extrinsic rewards
may enhance intrinsic motivation by providing children with positive experiences with the
rewarded action (see also Matson & Boisjoli, 2009).
Similarly, recent studies examining the effects of reward on cognitive control have not
found these negative effects of extrinsic rewards on short-term intrinsic motivation. For example,
children who first completed a rewarded DCCS task had similar performance on a subsequent
non-rewarded condition (Tarullo et al., 2018). Further, there was no difference in accuracy
among children who completed the rewarded conditions first or last in the present study. These
discrepancies may be due to our use of feedback when administering rewards, which has been
found to enhance intrinsic motivation (see Deci et al., 1999 for review). Thus, future withinsubjects research examining the effects of reward expectation on EF without providing such
feedback may provide further insight on the effects of reward on cognitive control in subsequent
un-rewarded contexts.
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4. The “Hot-Cool” Model of Early Childhood EF Revisited
The present findings provide meaningful context to the wealth of existing literature on
early childhood “hot” and “cool” EFs, supporting the underlying assumption that rewards do
impact early cognitive control. More critically, however, these findings indicate that there are
temperament-based individual differences in these effects. The present study therefore points to
several key ways in which the “Hot-Cool” literature can be further expanded. For instance, a
large proportion of this research has examined differential associations among rewarded and
non-rewarded EFs on developmental risk factors and outcomes (e.g., academic performance;
Brock et al., 2009; Willoughby et al., 2011), though different tasks were used to examine EF
across motivational conditions. Future work in this area should consider adopting methods
similar to those of the present study by administering rewarded and non-rewarded versions of
equivalent tasks; such analyses can clarify whether differential associations among executive
processes and related outcomes are driven by motivational factors. Further, as the effects of
reward on EF vary with child temperament, this work should also examine whether early
childhood reward sensitivity has similar moderating effects on associations among “hot/cool”
EFs and these outcomes. For instance, “hot” and “cool” EFs may exhibit differential associations
with developmental outcomes for children with high, but not low, reward sensitivity, as children
high in this trait may be more likely to perceive differences in motivational salience among these
contexts.
Hot EFs purportedly encompass cognitive control in motivationally and/or emotionallysignificant situations (e.g., Prencipe et al., 2011). The present dissertation specifically examined
motivational context as this has been the primary focus of the majority of existing Hot-Cool
research. Relatively few studies have examined the effects of emotion on young children’s EF.
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For instance, preschoolers have higher accuracy when responding to happy faces in an emotional
version of the DCCS and Attention Network Task (Li et al., 2019; Qu & Zelazo, 2007; cf.
Lagattuta et al., 2011). Children also exhibit greater psychophysiological indices of conflict
monitoring/resolution while processing happy faces during cognitive control tasks (Li et al.,
2019). Taken together, these findings suggest that positive affect, or processing positive
emotional stimuli, may support EF and underlying cortical activity. Thus, positive affect induced
by receiving or expecting rewards may potentially contribute to documented reward-EF
associations in young children, including those reported in the present study. Additional work is
therefore needed to parse the influences of motivational and other affective processes on early
childhood EF.
5. Potential Applications
In general, early childhood EFs are linked to a multitude of developmental outcomes
(Borella et al., 2010; Casey et al., 2011; Mischel et al., 1989). Children’s performance on Strooplike tasks has been associated with social competence (e.g., theory of mind; Carlson & Moses,
2001; see also Bowman et al., 2017) and academic outcomes, such as vocabulary and
mathematics (Berlin & Bohlin, 2002; Duncan, McClelland, & Acok, 2017). It may also be useful
to also examine reward-temperament associations in more applied contexts; for instance,
associations amongst children’s Stroop and academic performance are largely mediated by
behavioral and attentional regulation in learning environments (Blair, Ursache, Greenberg,
Veron-Feagans, & The Family Life Project Investigators, 2015; Duncan et al., 2017). Use of
incentives is relatively common in these contexts, and research has indicated that this practice
enhances preschoolers’ behavioral regulation (e.g., Filcheck, McNeil, Greco, & Bernard, 2004).
The current study provides further evidence that EF may underlie these effects, but also suggests
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there might be temperament-based individual differences in the influences of reward on
behavior. Specifically, the present findings suggest that the use of rewards might be less effective
for some children with high reward sensitivity, and may even cause greater impulsivity in others.
However, as prior work has found that the effects of rewards on performance vary as a
function of task demands (e.g., IC vs. CF; Qu et al., 2013), reward-temperament interactions may
also vary between research and educational contexts. Further applied research is therefore
needed before implementing new behavior modification or educational strategies based on the
present findings. For instance, children in the current study were tested individually, though
future work examining the effects of reward on cognitive control in group settings may provide
valuable insight on a) how these variables may interact in a school environment and b) how
educators can best implement reward-based learning strategies on students with varying levels of
reward sensitivity in the same classroom. Further, whereas the present study examined the
immediate effects of reward on EF throughout the course of a brief protocol, educators may
value further research examining more long-term effects of incentives on early cognitive control.
6. Limitations and Future Directions
The current study adds to a scarce body of literature on the effects of rewards on early
childhood EF, demonstrating that temperament (i.e., reward sensitivity) moderates these
influences. Additional strengths of the present work include use of a within-subjects design,
equivalent task demands across rewarded and non-rewarded conditions, precise measurement of
RT, and controlling for the effects of feedback on task performance. As detailed in previous
sections, limitations of the current dissertation, as well as the broader behavioral literature,
include lack of direct measurements of attentional control, arousal, and motivation. Further,
though the present study included children from Connecticut school districts representing a broad
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SES distribution, this sample does not adequately represent children from varied racial/ethnic (≈
78% white) and educational backgrounds (≈ 90% of mothers and 60% of fathers collegeeducated). Finally, interpretation of RT analyses in the present study was hindered by
unexpected variability among counterbalancing groups, with children who completed the
rewarded BS phase/condition first having lower RT difference scores than two of the three other
counterbalancing groups (non-rewarded BS first and rewarded DN first). As counterbalancing
groups did not differ in terms of accuracy, reward sensitivity, or age, it is unclear why a
combination of animal-themed stimuli and rewards at the beginning of the protocol would elicit a
different pattern of RT from two of the other groups. Thus, this finding is potentially spurious
and therefore unlikely to be replicated.
There are also several limitations of the present study regarding the measurement of
reward sensitivity. Temperament data were collected via parent-report as these measures are
most closely analogous to self-report measures of adult reward sensitivity (e.g., BIS/BAS;
Carver & White, 1994) and because parent-report measures are widely used in the extant
developmental EF literature (e.g., Blair, 2003; Carlson et al., 2004; Suor et al., 2019; Wolfe &
Bell, 2004, 2007). However, the validity of these measures is limited, as they may reflect
parents’ biases or interpretations of questionnaire items (see Kagan, Snidman, McManis, &
Woodward, 2002, for review).
Future work in this area may therefore consider supplementing parent reports with
observational (e.g., Laboratory Temperament Assessment Battery; Gagne et al., 2011; Goldsmith
& Rothbart, 1996) and/or psychophysiological measures (e.g., frontal asymmetry; Fox, Calkins,
& Bell, 1994) of approach or avoidance. In this context, EEG measures may be especially
informative in examining traits related to both arousal and attentional control; for instance, the
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ratio of low- (theta) and high-frequency (beta) power in anterior regions reflects the extent to
which lower-order motivational arousal impacts higher-order attentional processes, or vice versa
(see Schutter & Kenemans, in press, for review). This measure may further elucidate individual
differences in the effects of reward on EF, as well as potentially clarify why interactions among
reward and preschoolers’ reward sensitivity follow the opposite pattern of those frequently found
in adults (e.g., Braem et al., 2012; Savine et al., 2010). For instance, adults may exhibit greater
top-down attentional control over arousal and motivational processes, whereas young children
may exhibit the opposite pattern, as their cognitive control is still developing.
7. Conclusion
To my knowledge, this is the first early childhood investigation regarding interactions
among reward and temperament-based reward sensitivity on EF. Overall, 3.5- to 5-year-old
children exhibited reward-based increases in accuracy while performing a Stroop-like task. In
general, these increases in accuracy coincided with slower responses; based on adult data, I
interpret these findings to suggest that changes in attentional control (e.g., performance
monitoring; Petersen & Posner, 2012) mediate improvements in accuracy as a function of
reward. Contrary to most adult work (e.g., Padmala & Pessoa, 2011), however, reward-based
changes in response accuracy were negatively correlated with individual differences in reward
sensitivity. These findings may indicate that rewards heighten arousal, impairing attentional
control in reward-sensitive children; however additional work employing more direct
measurements of arousal and attentional control is needed to test this interpretation. Although
questions remain regarding the mechanisms underlying these reward-EF associations, the present
study documents important individual differences in the influences of reward on cognitive
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control. These findings therefore have potentially valuable implications for the use of incentives
in a variety of contexts.
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Table A2
Summary of Manipulations to the Day/Night Stroop
Manipulation

Response Accuracy
Relative to Standard
Day/Night Stroop

Selected References

Decrease semantic association between
stimulus and response (e.g., say "day" to
abstract shapes)

Greater accuracy

Gerstadt et al., 1994;
Simpson et al., 2012

High semantic relation between stimulus and
response, but low semantic association within
stimulus and response sets (e.g., say "cat" for
dog, and "foot" for hand)

Greater accuracy

Montgomery et al., 2008;
Simpson et al. 2012

Low semantic association between stimulus and
response, but high semantic association within
stimulus and response sets (e.g., say "table" for
boy, and "chair" for girl)

Greater accuracy

Diamond et al., 2002;
Montgomery et al., 2008;
Simpson et al., 2012

Congruent association between stimuli and
response set (e.g., say "day" to sun image)

Greater accuracy

Broomell & Bell, 2017;
Cuevas et al., 2016;
Tardif et al., 2007

Remind children of the task rules and provide
feedback following incorrect responses

Greater accuracy

Simpson & Riggs, 2005

Delay child response following stimulus onset

Greater accuracy

Diamond et al., 2002;
Ling et al., 2016;
Simpson & Riggs, 2005

Manual response (Grass/Snow version)
Require children to respond as quickly as
possible

Greater accuracy*

Carlson & Moses, 2005

Lower accuracy

Bialystok & Senman, 2004

Increase semantic association between stimuli
and response set (e.g., say "sun" for moon)

NS

Simpson & Riggs, 2005

Instruct children to "say the opposite" of the
stimulus

NS

Diamond et al., 2002

Alternate between congruent and incongruent
conditions within a block (i.e., "Borders"
NS
condition) and remind children of the stimulusresponse contingency before each trial
Note. * 4-year-olds only (age range: 2 - 6 years); NS = non-significant
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Broomell & Bell, 2017
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Table A4
Overview of Factor Analyses on Structure of Motivationally-Salient (“Hot”) and Neutral
(“Cool”) Executive Functions
Motivational “Hot”
Measures
Gift Delay,
Teacher-Reported
Executive Function

Neutral “Cool”
Measures
CPT,
DCCS,
Simon Says

3 yrs

Delay Discounting,
Snack Delay

Block Sorting,
Go/No-Go

2 correlated factors*

3 - 5 yrs

Snack Delay,
Tongue Task

Balance Beam,
Pencil Tap

2 correlated factors

Sonuga-Barke et
al., 2003

3 - 5.5 yrs

Delay Discounting,
Snack Delay

Brock et al.,
2009

Kindergarten

Gift Delay,
Toy Sort

Allan &
Lonigan, 2011

3 - 5 yrs

Box Search,
Delay Discounting,
Less is More

Balance Beam,
Grass/Snow,
Head to Toes,
KRISP

1 factor**

Lin et al., 2019

4 - 6 yrs

Snack Delay,
Toy Delay

CPT,
Shape Stroop

1 factor

Carlson &
Wang, 2007

4.25 - 6 yrs

Forbidden Toy,
Gift Delay

Simon Says

1 factor

Citation

Age Range

Montroy et al.,
2019

2 - 5 yrs

Dalen et al.,
2004
Willoughby et
al., 2011

Auditory
Sequencing,
Block Sorting,
Tower of London
Balance Beam,
Pencil Tap

Final Model
2 correlated factors

2 correlated factors*

2 correlated factors

DCCS,
Peg Tapping,
4.8 - 6.9 yrs
1 factor
Pointing Stroop,
Simon Says
Note. * Snack Delay cross-loaded across motivational and neutral factors. **The Gift Delay task was
included, but task performance was not associated with any other measure, and therefore dropped from
analyses. CPT = Continuous Task Performance; DCCS = Dimensional Change Card Sort; KRISP =
Kansas Reflection-Impulsivity Scale for Preschoolers.
Masten et al.,
2012

Dinky Toys,
Gift Delay
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Table A5
Overview of Factor Analyses on Developmental Correlates of Motivationally-Salient (“Hot”)
and Neutral (“Cool”) Executive Functions
Citation

Carlson &
Moses, 2001

Age

Motivational “Hot”
Measures

Neutral “Cool”
Measures

Developmental Correlate
Findings

3-4 yrs

Gift Delay,
KRISP,
Pinball,
Tower

DCCS, DN,
Go/No-Go,
Grass/Snow, Spatial
Conflict, Whisper

Cool EF better predicts
theory of mind than hot
EF.

Willoughby et
al., 2011

3-5 yrs

Snack Delay,
Tongue Task

Balance Beam,
Pencil Tap

Cool EF better predicts
academic performance
than hot EF; Hot EF
better predicts inattention
& hyperactivity.

Hongwanishkul
et al., 2005

3-6 yrs

Children’s
Gambling Task,
Delay Discounting

DCCS,
Self-Ordered
Pointing

Only cool EF was
associated with verbal &
performance mental age.

4 yrs

Delay Aversion,
Delay Discounting

Corsi Block,
Digit Span,
Go/No-Go

Late pre-term children
were impaired in hot EF
(Discounting only), but
not cool EF.

Kindergarten

Gift Delay,
Toy Sort

Balance Beam,
Pencil Tap

Cool EF better predicts
mathematical ability and
classroom behaviors than
hot EF.

Modified Stroop,
Go/No-Go,
Pig House,
Word Span

Cool EF better predicts
inattention and mediates
associations among
inattention and
language/math skill; Hot
EF better predicts
hyperactivity.

Hodel et al.,
2015

Brock et al.,
2009

Thorell, 2007

Kindergarten
(M = 6.3 yrs)

Delay Aversion

Note. DCCS = Dimensional Change Card Sort; DN = Day/Night Stroop; EF = executive function; KRISP
= Kansas Reflection-Impulsivity Scale for Preschoolers.
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Appendix B: Parent-Report Questionnaire
1. Is your child older than 5½ years old? _______
2. Was your child born 3 weeks or more prior to his/her expected due date? _______
3. Did your child weigh less than 5 pounds, 8 ounces at birth? _______
4. Has your child received a diagnosis of a developmental disorder (e.g., autism)? ________
5. Is your child blind or colorblind? _______
PLEASE READ: If you answered “No” to ALL of the above questions, please continue on to the
remaining questions, complete the other questionnaires in this packet, and have your child return them to
his/her teacher.
If you responded “Yes” to ANY of the above questions, your child may not be eligible for this study. If
you would like to chat with a researcher about your child’s eligibility for this study, you can contact us at
203-236-9933 or at kidcaplab@uconn.edu. If your child is not eligible to participate, please do not
complete the remaining items or return this form to the school/daycare. You may destroy/discard all
forms in this packet. Thank you so much for your interest in our research!
6. Sex of child (circle one):

Male

Female

7. Date of birth ____________ Expected due date: __________________ Birth weight: _____________
8. Has your child experienced any serious illness, neurological problems, or problems in development?
_________ No
_________ Yes-----brief explanation_____________________________
10. Does your child have any food allergies?
_________ No
_________ Yes-----brief explanation_____________________________
13. Is your child Hispanic or Latino? No: _____ Yes _____
14. Racial group of child – Please check all that apply:
_______ American Indian/Alaska Native

_______ Asian

_______ Native Hawaiian/Other Pacific Islander

_______ Black or African American

_______ White

_______ Other:

15. Parent 1:________________

Parent 2:________________

Enter mother, father, or other

Enter mother, father, or other

Highest level of education completed:
_____ Grade School
_____ Some High School
_____ High School Graduate
_____ Some College or 2-year College
_____ 4-year College Graduate
_____ Master’s Degree
_____ Doctoral Degree

Highest level of education completed:
_____ Grade School
_____ Some High School
_____ High School Graduate
_____Some College or 2-year College
_____ 4-year College Graduate
_____ Master’s Degree
_____ Doctoral Degree

Parent 1 Age: _____
Parent 1 Occupation: ______________

Parent 2 Age: _____
Parent 2 Occupation: ______________

Thank you for completing this form. Please complete the Children’s Behavior Questionnaire and return
your packet to your child’s teacher. We appreciate your time and assistance!
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Appendix C: Items from Supplementary Approach/Avoidance Scales
Table C1
Additional Parent-Report BAS Scale Items
Subscale
Drive

Fun Seeking

Prompt
My child feels pretty worried or upset when he/she thinks or knows that somebody is
angry at him/her.
When my child wants something, he/she rarely takes no for an answer.
My child goes out of his/her way to get something he/she wants.
When my child sees something he/she wants, he/she moves on it right away.
My child acts on the spur of the moment.
My child will often do things for no reason other than that they might be fun.
My child craves excitement and new sensations.
My child is always willing to try something new if he/she thinks it will be fun.

Note. BAS = Behavioral Activation System (Blair, 2003).

Table C2
Parent-Report BIS Scale Items
If my child thinks something unpleasant is going to happen he/she usually gets pretty worked up.
Even if something bad is about to happen, my child rarely seems to be nervous or fearful. R
My child worries if he/she thinks that he/she has done poorly at something.
My child has few fears compared to his/her friends. R
My child feels pretty worried or upset when he/she thinks or knows that somebody is angry at him/her.
Criticism or scolding hurts my child quite a lot
My child worries a lot about making mistakes.
Note. BIS = Behavioral Inhibition Scale (Blair, 2003). R = reverse scored.

Table C3
CBQ Anger/Frustration Scale Items
Gets angry when told s/he has to go to bed.
Rarely gets irritated when s/he makes a mistake. R
Has temper tantrums when s/he doesn't get what s/he wants.
Gets quite frustrated when prevented from doing something s/he wants to do.
Gets mad when even mildly criticized.
Gets angry when s/he can't find something s/he wants to play with.
Rarely gets upset when told s/he has to go to bed. R
Becomes easily frustrated when tired.
Gets irritable about having to eat food s/he doesn't like.
Rarely protests when another child takes his/her toy away. R
Easily gets irritated when s/he has trouble with some task (e.g., building, drawing, dressing).
Gets angry when called in from play before s/he is ready to quit.
Gets mad when provoked by other children.
Note. CBQ = Children’s Behavior Questionnaire (Rothbart et al., 2001). R = reverse scored.
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Appendix D: Supplementary Analyses
1. Pre-Test Trials
80

Number of Participants

70

Non-Rewarded Non-Stoop
Non-Rewarded Stroop

60

Rewarded Non-Stroop
50

Rewarded Stroop

40
30
20
10
0
2

4

6

8

10

Number of Pre-Test Trials
Figure D1. Frequency distribution of the number of pre-test trials completed
prior to testing by task condition/phase. Pre-test trials were administered in sets
of two. Children completed a minimum of two and a maximum of 10 pre-test
trials. N = 88.

A series of Pearson’s correlations examined whether the number of pre-test trials children
required to progress to the testing phase was associated with accuracy on the corresponding task.
For the rewarded Stroop phase, there was a significant, negative correlation between number of
pre-test trials children completed and accuracy, r(86) = -.21, p = .046. Children who required
more pre-tests to learn the task rules had lower accuracy. All other correlations were nonsignificant (rs = -.11 - .04, ps ≥ .31).
Exploratory analyses considered whether the negative correlation between reward-based
change in accuracy and reward sensitivity documented in the main text varied based on
differences in the number of pre-test trials children completed across reward conditions. To this
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end, I first calculated the difference between the number of pre-test trials completed for the
rewarded and non-rewarded Stroop. A series of partial correlations on RCI and reward sensitivity
revealed that associations among temperament and RCI remained significant while controlling
for pre-test difference score [BAS Reward-Responsiveness: r(85) = -.30, p = .005; CBQ Positive
Anticipation: r(85) = -.29, p = .007].
2. Analyses with Alternative Samples
2.1 All Useable Data. To examine interactions among reward and reward sensitivity on
EF across the entire collected sample, including five additional participants who were younger
than 3.5 years (range 3.10 – 5.37 years old), primary analyses were repeated with all useable
data (RCI: n = 93; RT difference score: n = 83). As in the main analyses, these consisted of
repeated-measures ANCOVAs on reward-based changes in accuracy (i.e., RCI) and RT (i.e.,
difference scores), with phase (i.e., Stroop vs. non-Stroop) as the within-subjects factor and
reward sensitivity (i.e., Reward-Responsiveness or Positive Anticipation) as a covariate. As can
be seen in Tables D1 and D2, these exploratory analyses yielded the same patterns as those
documented in the main text.
Table D1
ANCOVA Results for Response Accuracy: Entire Collected Sample
df
1, 91
1, 91
1, 91
1, 91
1, 91
1, 91

Phase
Reward-Responsiveness
Phase × Reward-Responsiveness
Phase
Positive Anticipation
Phase × Positive Anticipation

F
9.16
9.06
8.00
9.97
6.18
8.60

p
.003
.003
.006
.002
.02
.004

ηp2
.09
.09
.08
.10
.06
.09

Note. All participants with useable data. N = 93 (43 girls); Mage = 4.49 years, SD = 0.55. ANCOVAs for
Reward-Responsiveness and Positive Anticipation were run separately.
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Table D2
ANCOVA Results for Response Time: Entire Collected Sample
Phase
Reward-Responsiveness
Phase × Reward-Responsiveness
Phase
Positive Anticipation
Phase × Positive Anticipation

df
1, 81
1, 81
1, 81
1, 81
1, 81
1, 81

F
0.85
0.66
0.69
0.16
1.04
0.09

p
.36
.42
.41
.69
.31
.77

ηp2
.01
.01
.01
.00
.01
.00

Note. All participants with useable data. N = 83 (40 girls); Mage = 4.48 years, SD = 0.57. ANCOVAs for
Reward-Responsiveness and Positive Anticipation were run separately.

2.2 Correct Feedback for Use of Related Terms. As discussed previously, a small
subsample of children (n = 13) received feedback for terms related to target responses (e.g.,
“sun” instead of “day”) as being incorrect; this protocol was later changed, as use of these terms
do not reflect failures of IC. To confirm that this procedural change did not impact the main
findings, analyses were redone, excluding these participants. The ANCOVAs revealed the same
patterns as those detailed in the main analyses (see Tables D3 and D4).
Table D3
ANCOVA Results for Response Accuracy: Correct Feedback for Use of Related Terms
df
F
p
Phase
1, 75
7.50
.01
Reward-Responsiveness
1, 75
9.00
.004
Phase × Reward-Responsiveness
1, 75
6.52
.01
Phase
1, 75
7.34
.01
Positive Anticipation
1, 75
6.88
.01
Phase × Positive Anticipation
1, 75
6.26
.02

ηp2
.09
.11
.08
.09
.08
.08

Note. Analyses excluding children who received feedback that terms related to target responses were
incorrect N = 77 (34 girls); Mage = 4.51 years, SD = 0.48. ANCOVAs for Reward-Responsiveness and
Positive Anticipation were run separately.
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Table D4
ANCOVA Results for Response Time: Correct Feedback for Use of Related Terms
df
F
p
Phase
1, 68
0.01
.92
Reward-Responsiveness
1, 68
1.17
.28
Phase × Reward-Responsiveness
1, 68
0.00
.95
Phase
1, 68
0.96
.33
Positive Anticipation
1, 68
1.75
.19
Phase × Positive Anticipation
1, 68
0.92
.34

ηp2
.00
.02
.00
.01
.03
.01

Note. Analyses excluding children who received feedback that terms related to target responses were
incorrect. N = 70 (33 girls); Mage = 4.53 years, SD = 0.49. ANCOVAs for Reward-Responsiveness and
Positive Anticipation were run separately.

2.3 Inclusion of Winsorized Outliers. Main analyses excluded five participants due to
extraneous accuracy (RCI) data. Primary analyses were re-done including these children by
winsorizing these values (i.e., replacing extraneous values with the highest score that did not fall
outside of the acceptable range; Dixon, 1960). As can be seen in Tables D5 and D6 below,
analyses including these children yielded the same patterns as those documented in the main text.

Table D5
ANCOVA Results for Response Accuracy: Inclusion of Winsorized Outliers
df
F
p
Phase
1, 91
13.16
< .001
Reward-Responsiveness
1, 91
11.69
<. 001
Phase × Reward-Responsiveness
1, 91
11.67
< .001
Phase
1, 91
7.25
.008
Positive Anticipation
1, 91
6.05
.02
Phase × Positive Anticipation
1, 91
6.05
.02

ηp2
.13
.11
.11
.07
.06
.06

Note. Response accuracy analyses including children with winsorized relative change index (RCI) data. N
= 93 (42 girls); Mage = 4.55 years, SD = 0.49. ANCOVAs for Reward-Responsiveness and Positive
Anticipation were run separately.
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Table D6
ANCOVA Results for Response Time: Inclusion of Winsorized Outliers
df
F
Phase
1, 81
0.25
Reward-Responsiveness
1, 81
0.28
Phase × Reward-Responsiveness
1, 81
0.28
Phase
1, 81
0.78
Positive Anticipation
1, 81
1.65
Phase × Positive Anticipation
1, 81
0.84

p
.62
.60
.60
.38
.20
.36

ηp2
.00
.00
.00
.01
.02
.01

Note. Response time (RT) analyses including children with winsorized relative change index (RCI) data.
N = 83 (39 girls); Mage = 4.55 years, SD = 0.50. ANCOVAs for Reward-Responsiveness and Positive
Anticipation were run separately.

3. Analyses with Alternative Temperament Scales
To examine whether the moderating influences of temperament on reward-EF
associations were specific to the primary scales of interest (i.e., BAS Reward-Responsiveness
and CBQ Positive Anticipation), exploratory repeated-measures ANCOVAs were conducted
using alternative scales from the BIS/BAS and CBQ as covariates. The within-subjects variable
was phase and the dependent variables were reward-based changes in accuracy (i.e., RCI) and
RT (i.e., difference score), analyzed separately. As can be seen in the Tables D7 and D8, all main
effects and interactions involving these alternative dimensions of temperament were nonsignificant with two exceptions. First, consistent with the main effect of BAS-Reward
Responsiveness documented in the main text, there was a significant main effect of BAS on RCI,
with children with higher BAS scores exhibiting lower reward-based increases in accuracy, r(86)
= -.22, p = .04. Second, there was a significant main effect of BIS on RT difference scores;
children with higher BIS scores exhibited smaller increases in RT as a function of reward, or
responded more quickly during the rewarded condition, r(76) = -.24, p = .04.
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Table D7
ANCOVA Results for Response Accuracy: Alternative Temperament Scales
Covariate: BAS
Phase
BAS
Phase × BAS
Covariate: BAS Drive
Phase
BAS Drive
Phase × BAS Drive
Covariate: BAS Fun-Seeking
Phase
BAS Fun-Seeking
Phase × BAS Fun-Seeking
Covariate: BIS
Phase
BIS
Phase × BIS
Covariate: CBQ Anger/Frustration
Phase
CBQ Anger/Frustration
Phase × CBQ Anger/Frustration

df

F

p

ηp2

1, 86
1, 86
1, 86

3.12
4.51
2.43

.08
.04
.12

.04
.05
.03

1, 86
1, 86
1, 86

0.29
0.45
0.03

.59
.51
.87

.00
.01
.00

1, 86
1, 86
1, 86

1.90
2.76
1.19

.17
.10
.28

.02
.03
.19

1, 86
1, 86
1, 86

0.83
2.51
0.30

.36
.12
.59

.01
.03
.00

1, 86
1, 86
1, 86

0.98
0.79
0.39

.32
.39
.54

.16
.01
.00

Note. BAS = Behavioral Activation System; BIS = Behavioral Inhibition System; CBQ = Children’s
Behavior Questionnaire
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Table D8
ANCOVA Results for Response Time: Alternative Temperament Scales
Covariate: BAS
Phase
BAS
Phase × BAS
Covariate: BAS Drive
Phase
BAS Drive
Phase × BAS Drive
Covariate: BAS Fun-Seeking
Phase
BAS Fun-Seeking
Phase × BAS Fun-Seeking
Covariate: BIS
Phase
BIS
Phase × BIS
Covariate: CBQ Anger/Frustration
Phase
CBQ Anger/Frustration
Phase × CBQ Anger/Frustration

df

F

p

ηp2

1, 76
1, 76
1, 76

0.32
0.40
0.31

.57
.53
.58

.00
.01
.00

1, 76
1, 76
1, 76

0.03
0.63
0.03

.86
.43
.87

.00
.01
.00

1, 76
1, 76
1, 76

1.91
0.00
1.93

.17
.93
.17

.02
.00
.02

1, 76
1, 76
1, 76

2.39
4.52
2.55

.13
.04
.11

.03
.06
.03

1, 76
1, 76
1, 76

0.39
0.86
0.42

.54
.36
.52

.01
.01
.01

Note. BAS = Behavioral Activation System; BIS = Behavioral Inhibition System; CBQ = Children’s
Behavior Questionnaire
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4. Examination of Age and Ceiling Effects
As mentioned in the main text, preliminary analyses of response accuracy (RCI) did not
yield significant age differences. As these main analyses examined reward-based change in
accuracy, supplementary analyses examined whether raw accuracy scores varied as a function of
age. A series of Pearson’s correlations found no significant correlation between age and response
accuracy on all four task phases/conditions (r = .05 - .13, p = .24 - .64). To examine age as a
categorical variable, children were split in to age groups based on 6-month intervals (3.5-yearolds: n = 16; 4-year-olds: n = 22; 4.5-year-olds: n = 30; 5-year-olds: n = 20; Carlson, 2005; Oh &
Lewis, 2008). Consistent with the previous correlations, a series of one-way ANOVAs found no
significant difference in accuracy as a function of age group [F(3) = 0.44 – 2.05, p = .11 - .60].
As ceiling effects may have masked age differences, further analyses examined whether
the rates at which children achieved ceiling or at-or-near-ceiling (i.e., ceiling or one error) varied
as a function of age group. As per Oh and Lewis (2008), a series of binary logistic regressions
were conducted on ceiling and at-or-near-ceiling rates on all four task phases/conditions, with
age group as the categorical variable (see also Carlson, 2005). Surprisingly, none of these
analyses yielded a significant effect of age [ceiling: χ2(3) = 0.50 – 4.95, p = .18 – .92; at-or-nearceiling: χ2(3) = 0.59 – 4.15, p = .25 – .90]. Ceiling and at-or-near-ceiling rates for each examined
age group are provided in Table D9.
Table D9
Ceiling Rates (%) by Age Group
Non-Rewarded
Non-Rewarded
Rewarded
Non-Stroop
Stroop
Non-Stroop
3.5 years
37.5 (87.5)
25.0 (56.3)
50.0 (68.8)
4 years
68.2 (81.8)
22.7 (59.1)
63.6 (90.9)
4.5 years
50.0 (86.7)
23.3 (46.7)
73.3 (90.0)
5 years
65.0 (90.0)
50.0 (75.0)
60.0(85.0)
Note. Percent of children performing at ceiling (at-or-near-ceiling; i.e., 0-1 errors).

Age Group
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Rewarded
Stroop
25.0 (62.5)
27.3 (54.5)
30.0 (63.3)
35.0 (65.0)

